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Proto-clusters, the distant progenitor large-scale structures of present day
galaxy clusters, represent a key phase of cluster growth during which most of the
galaxies were still rapidly forming stars. They are potentially powerful cosmolog-
ical probes, and are unique laboratories to study dark matter assembly, the cos-
mic baryon cycle, and the environmental impact on galaxy evolution. Albeit its
pivotal role in understanding cluster formation, only a small and heterogeneous
sample of proto-clusters has been observed to date. Theoretical characterizations
have also remained relatively unexplored. In this dissertation, I present baseline
models, detailed theory predictions, and broad observational applications of proto-
clusters using state-of-the-art numerical simulations and deep-wide galaxy surveys.
A dual focus of both structure formation and galaxy evolution is given through-
out the thesis. To prepare for large statistical studies in upcoming surveys like the
vii
Hobby-Eberly Telescope Dark Energy Experiment (HETDEX), the Subaru Prime
Focus Spectrograph (PFS) survey, and the Wide Field Infrared Survey Telescope
(WFIRST) survey, I develop key machinery to connect the main observables of
proto-clusters with dark matter structure formation using simulations as a guide.
In Chapter 2 and 3, I present, for the first time, a thorough analysis of the
main properties of proto-clusters using ∼ 3000 clusters in a set of cosmological
N -body simulations and semi-analytic galaxy models. I characterize the growth of
proto-clusters and their core halos in size and mass with cosmic time. I show that
the progenitor regions of galaxy clusters can already be identified in galaxy surveys
at very early times (at least up to z ∼ 5), provided that the galaxy overdensities
are measured on a sufficiently large scale (5–30 Mpc comoving) and with sufficient
statistics. I present the overdensities in matter, dark matter halos, and galaxies as
functions of present-day cluster mass, redshift, bias, and selection window size that
can be used to interpret the wide range of structures found in real surveys. A table
of proto-cluster candidates selected from the literature is provided, and I discuss
their properties in light of our simulation predictions.
In Chapter 4 I report the discovery of a large sample of proto-cluster can-
didates in the 1.62 deg2 COSMOS/UltraVISTA field traced by optical/infrared se-
lected galaxies with photometric redshifts. By comparing properly smoothed three-
dimensional galaxy density maps of the observations and a set of matched simula-
tions incorporating the main observational effects, I found 36 candidate structures
at 1.6 < z < 3.1 with a ∼ 70% purity to have a z = 0 virial mass of > 1014
M. With solely photometric redshifts, I successfully rediscover two spectroscopi-
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cally confirmed structures in this field, suggesting that our algorithm is robust. This
work is the first large sample of uniformly selected proto-cluster candidates, pro-
viding rich targets for spectroscopic follow-up and subsequent studies of cluster
formation.
Because of the need of precise galaxy redshifts for density mapping and the
prevalence of star formation before quenching, nearly all the proto-clusters known
to date were confirmed by spectroscopy of galaxies with strong emission lines. In
Chapter 5 I develop a semi-empirical model for Lyα escape and generate a set of
mock Lyα emitter catalogs. This formalism provides a realistic modeling of the
galaxy bias, the scatter of the bias, and the stochasticity of the galaxy-dark matter
halo connection, which has an enormous potential for studies of the large-scale
structure at high redshift. The model suggests that there are two distinct regimes
to power a Lyα emitter. For massive galaxies, Lyα emitters are preferentially less
dusty and slightly less metal enriched, while their ages and star formation rates are
indistinguishable from other star-forming galaxies of the same mass. In contrast,
low mass Lyα emitters (M? < 109 M) are dominated by young objects with recent
or ongoing starburst, with a gas phase metallicity diluted by cold accretion.
In Chapter 6 I report a newly discovered large-scale structure at z = 2.44 in
the HETDEX Pilot Survey. On a scale of a few tens of (comoving) Mpc, this struc-
ture shows a complex overdensity of Lyα emitters, which coincides with broad-
band selected galaxies in the COSMOS/UltraVISTA photometric and zCOSMOS
spectroscopic catalogs, as well as overdensities of intergalactic gas revealed by Lyα
absorption maps. I use the mock Lyα emitter catalogs constructed in Chapter 5 to
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predict the cosmic evolution of this structure, and confirm that part of the structure
will collapse to form a galaxy cluster with 1014.5±0.4 M by z = 0. The galaxies in-
side this structure have a higher median stellar mass than those outside the structure.
The overdense region also shows a boost in the number of extended Lyα nebulae,
and a marginal excess of active galactic nuclei relative to the field, supporting a
scenario of accelerated galaxy evolution in cluster progenitors.
Building upon the success of finding and characterizing the z = 2.44 proto-
cluster in the HETDEX Pilot Survey, in Chapter 7 I use the same mock Lyα emitter
catalogs to evaluate the baseline performance of a large proto-cluster search in the
upcoming HETDEX survey. Based on the correlation between galaxy overdensity
and the z = 0 descendant halo mass calibrated in the simulation, I predict that
several hundred 1.9 < z < 3.5 proto-clusters with z = 0 mass of > 1014.5 M will
be discovered in the 8.5 Gpc3 of space surveyed by HETDEX. This sample will
open up a rich, new area of statistical investigations of both structure formation and
galaxy evolution processes inside dense structures.
The future for this field is bright, as we are entering an era of Gpc3 surveys
beyond the local Universe. In Chapter 8 I close this thesis by providing a future out-
look. Specific research directions with great potential to blossom are highlighted.
With the theoretical and observational advancements laid out in this dissertation,
we now have a much more solid foundation of this fascinating subject.
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Chapter 1
Introduction
Modern understanding of cosmic large-scale structure and galaxy formation
is profound. In the early Universe, the seeds of structures are planted via primordial
quantum fluctuations, stretched by cosmic inflation, and imprinted on the tiny tem-
perature anisotropy of the cosmic microwave background (CMB) radiation. Ampli-
fied by gravitationally induced dynamics, the small primordial density fluctuations
grow in amplitude, collapse in size, and merge with nearby systems, hierarchically
evolving into the magnificent large-scale structures of voids, filaments, sheets, and
clusters that we see today (Figure 1.1).
As the largest virialized structures, galaxy clusters directly relate the dy-
namics of dissipationless dark matter (DM) on large scales to a rich set of complex
dissipational baryonic processes of galaxy evolution on small scales. This provides
a portal to link and synergize our ongoing quest to understand the physics on both
sides. In a bottom-up view, the understanding of galaxy formation and its connec-
tion to dark matter halos are key to constrain global parameters of cosmological
models through clustering statistics and the abundance and mass distribution of
cosmic structures (see Allen et al., 2011, and references therein). In a top-down
view, the picture of gravitational collapse of clusters on large scales sets the stage
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Figure 1.1: Large-scale structures of the Universe in observations and simulations
(figure from Springel et al., 2006). The top and left wedges show the distribution of
galaxies observed in three spectroscopic redshift surveys (Geller & Huchra, 1989;
York et al., 2000; Colless et al., 2001), with the small slice at the top centered at
the Coma cluster. The bottom and right wedges shows matched segments of mock
galaxy surveys constructed with a semi-analytic galaxy formation model on top of
the Millennium Simulation of dark matter evolution (Springel et al., 2005).
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for complex baryonic processes on small scales, as it regulates them via gravita-
tional attraction, and dictates the merging history of galaxies forming within. For
the galaxy population forming in dense environments, the difficulty in identifying
galaxy progenitors and descendants, the so-called “progenitor bias”, can be eased
by modeling the gravitational evolution on large scales.
In the local universe, galaxy clusters are known to host well-established
components such as red sequence galaxies, diffuse star light, and a hot X-ray emit-
ting intracluster medium (ICM) that outweighs the total stellar mass. All of these
are embedded in a virialized dark matter halo with a mass of & 1014 M. With
diffuse X-ray, cluster red sequence, and Sunyaev–Zel’dovich effect searching tech-
niques, massive clusters are found at z < 1 (e.g., Ebeling et al., 2001; Olsen et al.,
2007; Foley et al., 2011; Menanteau et al., 2013), at 1 < z < 1.5 (e.g., Gladders
& Yee, 2005; Goto et al., 2008; Wilson et al., 2009; Fassbender et al., 2011a) and
z & 1.5 (e.g., Henry et al., 2010; Tanaka et al., 2010; Santos et al., 2011). How-
ever, these traditional techniques are all based on the presence of a prominent red
sequence or ICM, and start to become biased toward the most virialized systems at
z & 1. Furthermore, all these techniques reach their limit at z ∼ 2 due to the lack
of mature cluster components.
It is important that we go to higher redshifts to probe the epoch of cluster for-
mation. First of all, some of the most massive clusters at z & 1 appear remarkably
mature, with a sufficiently deep potential well of dark matter halo, red sequence,
and ICM in place, suggesting formation redshifts for most of their stellar contents
much beyond 2 (Blakeslee et al., 2003; Mei et al., 2006; Andreon, 2008; Papovich
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et al., 2010; Rettura et al., 2010, 2011; Fassbender et al., 2011b). Secondly, op-
posite to the morphology/star formation–density relation seen in the local universe
(Dressler, 1980; Goto et al., 2003), galaxies in dense regions at high redshifts are
found to experience enhanced star formation, interactions, and/or accelerated evo-
lution, and active galactic nucleus (AGN) activity (Elbaz et al., 2007; Tran et al.,
2010; Grützbauch et al., 2011; Koyama et al., 2013; Martini et al., 2013) although a
full consensus has not yet been reached. Thus, for a full census of cluster formation,
it is important that we study them near the peak in the cosmic star formation and
AGN activity at z & 2 (Hopkins & Beacom, 2006; Fanidakis et al., 2012).
At 2 . z . 7, the so-called “proto-clusters” are predicted to have sig-
nificant, large-scale overdensities of galaxies, allowing us to trace the evolution
of clusters beyond the limit of traditional techniques. Some observational efforts
have been made to search, identify, and characterize these proto-clusters with dif-
ferent techniques. Overdensities of narrow-band-selected emission line galaxies
have been found around highly biased tracers like radio galaxies (Pentericci et al.,
2000; Kurk et al., 2000, 2004b; Venemans et al., 2002, 2004, 2007; Galametz et al.,
2010) and in “random” fields. Also, galaxy concentrations having a similarly nar-
row range in velocities have been discovered as part of spectroscopic follow-up
of photo-z or color-selected galaxies (Steidel et al., 1998, 2005; Shimasaku et al.,
2003; Ouchi et al., 2005b; Toshikawa et al., 2012).
Although limited by small number statistics, these studies have revealed
some intriguing properties of proto-clusters. For example, extended Lyα blobs are
often found in proto-clusters (Prescott et al., 2008; Yang et al., 2009; Matsuda et al.,
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2012). Additionally, opposite to the strong suppression in star formation rate (SFR)
seen in massive z < 1.5 clusters (Poggianti et al., 2008; Lidman et al., 2008; Pa-
tel et al., 2009; Bauer et al., 2011), proto-clusters show an excess of star-forming
galaxies (e.g., Miley et al., 2004; Ouchi et al., 2005b; Steidel et al., 2005; Overzier
et al., 2008; Hayashi et al., 2012), extreme starbursts (Blain et al., 2004; Stevens
et al., 2005; Capak et al., 2011; Ivison et al., 2013), and AGN activity (Pentericci
et al., 2002; Croft et al., 2005; Lehmer et al., 2009; Digby-North et al., 2010; Mar-
tini et al., 2013). In some proto-clusters, the galaxies are on average older than field
galaxies (Steidel et al., 2005; Hatch et al., 2011a; Koyama et al., 2013), support-
ing the picture of accelerated galaxy formations in dense environments well before
the clusters were fully formed. Recently, abnormal metallicities for proto-cluster
galaxies have been reported (Kulas et al., 2013; Shimakawa et al., 2015; Valentino
et al., 2015). Merging subclusters showing properties consistent with transitional
stages between proto-clusters and clusters are also found (Gonzalez et al., 2005;
Spitler et al., 2012).
A rich set of questions could be studied with proto-clusters. Are the abun-
dance and growth rate of clusters consistent with the concordance cosmology and
theories of structure formation? What is the topology of cluster assembly from
the filamentary cosmic web? How do forming clusters acquire and heat up their
ICM during initial stages of virialization? What triggers cluster galaxies to grow
rapidly at early time and become quenched in concordance with the red sequence
and the morphology–density relation? However, it has been difficult to answer any
of these questions due to observational limitations, the lack of detailed theoretical
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predictions, and a poor understanding in the theory-observation interface to derive
physical implications from observational results.
This thesis presents a series of studies to facilitate a statistical understanding
of galaxy cluster formation from z ∼ 6 to the present. Driven by the need to iden-
tify and study cluster progenitors beyond the reach of classical X-ray and Sunyaev–
Zel’dovich effect searching techniques, the focus is given to proto-clusters at z > 2
and to their overall dark matter structure and galaxy population. In Chapter 2 and 3,
I use state-of-the-art cosmological N -body simulations and galaxy formation mod-
els to make predictions for the structural properties and observational signatures of
galaxy proto-clusters as functions of cosmic time and z = 0 cluster mass. This
provides a baseline to guide future theoretical and observational investigations. In
Chapter 4, I present the discovery of a large number of candidate proto-clusters
at z & 2 in the degree-wide Cosmological Evolution Survey (COSMOS) field us-
ing the large-scale spatial distribution of galaxies with photometric redshifts. This
represents the first statistical sample of cluster progenitors in observations, and pro-
vides rich opportunities for follow-up studies. I show that large surveys of Lyα
emitters (LAE) will be able to provide a leap in efficiency in proto-cluster searches.
In Chapter 5, I present a semi-analytical model of mock LAEs that is useful for
large-scale structure studies. In Chapter 6, I present the discovery and detailed
characterization of a new large-scale structure at z = 2.44 using LAEs observed
in the HETDEX Pilot Survey (HPS). Chapter 7 provides a performance forecast
for the proto-cluster search in the upcoming Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX). A future outlook of the field is laid out in Chapter 8.
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Chapter 2
Structural Properties of Galaxy Proto-Clusters1
A growing number of galaxy clusters at z =1–2 is being discovered as part
of deep optical, IR, X-ray, and Sunyaev–Zel’dovich effect surveys. For a complete
picture of cluster formation, however, it is important that we also start probing
the much earlier epoch, between redshifts of about 2 and 7, during which these
clusters and their galaxies first began to form. Because the study of these so-called
“proto-clusters” is currently quite limited by small number statistics, widely varying
selection techniques, and many assumptions, in Chapter 2–5, we have performed a
large systematic study of cluster formation utilizing cosmological simulations. We
use the Millennium Simulations to track the evolution of dark matter and galaxies
in about 3000 clusters from the earliest times to z = 0. In this chapter we first
motivate the need of a simulation-assisted approach to understand ΛCDM structure
formation on large-scales. We then present the structural properties of clusters and
proto-clusters predicted in the simulations. We define an effective radius Re for
proto-clusters and characterize their growth in size and mass with cosmic time.
Galaxy overdensity profiles as a function of radius are presented. We evaluate the
overdensities in matter, dark matter halos, and galaxies (Chapter 3) as functions
1This chapter has been published as part of Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2013,
ApJ, 779, 127
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of present-day cluster mass, redshift, bias, and window size that can be used to
interpret the wide range of structures found in real surveys.
The structure of this chapter is as follows. In Section 2.1, we give an in-
troduction of galaxy proto-cluster study with a focus on the need of theoretical and
computational efforts before large and deep redshift surveys are feasible. In Section
2.2, we describe our simulations-assisted approach and give our main definitions re-
lated to proto-clusters. In Section 2.3–2.7, we present the ΛCDM predictions for
cluster assembly, size growth, overdensity evolution for fields and proto-clusters.
We leave the discussion and summary to the end of the next chapter after present-
ing the observational signatures of proto-clusters predicted in the simulations. If
unspecified, the cosmological parameters used are based onWMAP1: Ωm = 0.25,
Ωb = 0.045, ΩΛ = 0.75, h = 0.73, ns = 1, σ8 = 0.9. WMAP7 cosmology is used
when we present a comparison of the results for different cosmologies.
2.1 The Need of a Simulation-assisted Approach
Galaxy clusters are massive self-gravitating systems built up via hierarchi-
cal merging of smaller structures. They represent the largest “cosmic cities” in the
Universe, each hosting hundreds to thousands of galaxies (Figure 2.1, left). Com-
pared to isolated galaxies, cluster members show distinctly high stellar mass and
low star formation rates, implying an enhanced early growth followed by severe
quenching (Poggianti et al., 1999; Thomas et al., 2005). To understand how cluster
environment influences the life cycle of galaxies, we must study proto-clusters, or
the progenitor structures of present-day clusters, in the early phases of “urbaniza-
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tion” before relaxation erases some of the key signatures of galaxy growth (Figure
2.1, right). Unfortunately, established techniques (X-ray, Sunyaev–Zel’dovich (SZ)
effect, cluster red-sequence) based on mature cluster components (hot intra-cluster
medium and quenched galaxy populations) are ineffective at finding young systems
in early formation stages. Prior to 2013 only ∼ 20 cluster progenitors, so-called
“proto-clusters”, at 2 < z < 8 had been found by searching for large-scale galaxy
overdensities (see a compilation of known structures in Chapter 3). Roughly 10 of
them were found via rare “signposts” like powerful radio galaxies (Venemans et al.,
2007). These structures provide an encouraging entry point for understanding the
early phases of cluster assembly. Still it is difficult to extract statistical constraints
with such a small sample size, diverse and often poorly constrained mass, hetero-
geneous galaxy tracer selections, and a set of ill-defined terminologies driven by
observational practicalities in different studies.
One way in which a physical picture of cluster formation can be constructed
is through a comparison between theoretical predictions and simulations. Steidel
et al. (1998) used analytical descriptions of structure formation theory to derive the
total dark matter overdensity associated with one of the first proto-clusters discov-
ered at z ∼ 3, allowing them to infer a total mass for the descendant cluster and its
likely redshift of virialization (see also Steidel et al. (2005) for a similar case study
at z ∼ 2).
In reality, the cluster formation process is much more complex as it depends
on the hierarchical growth of dark matter and galaxies in three-dimensions on both
large and small scales. A first step toward tracing the progenitor structures of galaxy
9
Figure 2.1: Schematic illustration of ΛCDM galaxy cluster formation from an ex-
tended, complex proto-cluster in the distant Universe to a compact, virialized clus-
ter in the present day. Open circles represent dark mater halos, which dominate the
gravitational evolution of the structure. Blue and red dots denote star-forming and
quiescent galaxies, respectively.
clusters in ΛCDM was performed by Suwa et al. (2006). They used cosmological
(N -body) simulations to statistically quantify the overdensities in dark matter (ha-
los) associated with clusters. They showed that some of the structures observed at
high redshifts indeed have properties expected of proto-clusters, and derived prob-
abilities for a given overdensity in dark matter to evolve into a cluster by z = 0.
Angulo et al. (2012) used an extremely large-volume simulation to study the evo-
lution of the most massive halos at z ∼ 6, pointing out that the most massive halos
do not always become the most massive clusters at z = 0. The key factor that de-
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termines the final fate of high redshift halos is the surrounding matter overdensity
on very large-scales, which is a much better indicator of its z = 0 mass, Mz=0, than
the halo mass by itself.
One complication of these kinds of theory–observation comparisons is the
connection between the dark matter and the galaxies. Saro et al. (2009) ran hydro-
dynamical simulations of cluster formation to compare the properties of galaxies
and the ICM with those in a well-studied proto-cluster at z = 2.2. De Lucia
& Blaizot (2007) used the Millennium Run (MR) simulations and semi-analytic
models of galaxy formation to predict the physical and observational properties of
brightest cluster galaxies. An even closer match between simulations and obser-
vations can be achieved by constructing mock redshift surveys, and mimicking the
various observational selection effects. For example, using this technique Overzier
et al. (2009a) was able to compare observations and simulations of the environments
of quasi-stellar objects at z ∼ 6 as possible progenitor regions of galaxy clusters.
It has become clear that if we want to directly target the epoch of cluster
formation, we need to develop reliable tools that can relate the main observables of
proto-clusters to their main physical characteristics. Analogous to studies of galaxy
formation, these tools need to be able to distinguish between structures of different
masses, ages, and formation histories. In this and next chapters, we will present the
characteristic properties for a sample of ∼ 3000 galaxy proto-clusters in the MR.
We study the statistical properties of overdensities in the distribution of dark matter,
dark matter halos, and galaxies as a function of redshift, observational window size,
and various halo and galaxy tracers. By comparing with random regions, we derive
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the conditional probability that a structure with a given large-scale mass distribution
is indeed a proto-cluster. We also show how the z = 0 cluster mass can be estimated
from the overdensity of galaxies, and how we could distinguish between progenitors
of “Fornax”, “Virgo”, and “Coma” type clusters at redshifts as high as ' 2− 5.
Although cluster formation is a continuing process throughout the history
of the universe (e.g., Gonzalez et al., 2005), in this thesis we will focus on z > 2
as it marks the boundary between the epoch at z < 2, in which we find the first
observational evidence of large virialized clusters, and the epoch in which those
first galaxy clusters are presumed to have been forming.
The need for a simulations-assisted approach is obvious. First, limited by
the small number of observed proto-clusters and their varying selection techniques,
it is premature to constrain models using these results. However, based on ob-
servations of the local universe and the initial conditions imprinted in the CMB,
sophisticated cosmological simulations have been able to make highly physically
motivated predictions for the high redshift universe. Second, with the coming of
future redshift surveys which will provide detailed information with large statis-
tics, it becomes more and more important to extract equally detailed predictions
from simulations in order to understand the non-trivial relations between model pa-
rameters and observables. Finally, predictions from simulations are crucial to help
design observations and optimize analysis techniques.
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2.2 Simulations and Methods
Here we describe the simulations and methodology that we use to extract
the structural properties and observational signatures of proto-clusters in this and
the next chapter.
2.2.1 Cosmological N-body Simulations and Semi-analytic Galaxy Catalogs
To study the high redshift progenitors of the most extreme present-day struc-
tures and their galaxy contents, we require simulations that span an enormous range
in physical length scales, masses, and redshifts, and also have a fine treatment of the
most important baryonic processes. Therefore, in this and the next chapter we use
the MR dark matter N -body simulation (Springel et al., 2005) and a recent semi-
analytic galaxy formation model (Guo et al., 2011). For detailed descriptions of
the methods and implementation, we refer the reader to previous works by the MR
group (e.g., Springel et al., 2005; Croton et al., 2006; Lemson & Virgo Consortium,
2006; De Lucia & Blaizot, 2007; Guo et al., 2011).
The MR simulation gravitationally evolved 21603 dark matter particles with
mass 8.6 × 108 M h−1 in a comoving box of 500 Mpc h−1 on a side, from
z = 127 to z = 0. The original (2005) run used a ΛCDM universe with Ωm = 0.25,
Ωb = 0.045, ΩΛ = 0.75, h = 0.73, ns = 1, σ8 = 0.9, based on the combined
analysis of the 2dF Galaxy Redshift Survey (Colless et al., 2001) and the first year
Wilkinson Microwave Anisotropy Probe (Spergel et al., 2003, WMAP ;). The
dark matter distribution was processed by the standard friends-of-friends (FOF)
group finder and the subhalo finder, SUBFIND (Springel et al., 2001), at 64 dis-
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crete epochs. The field dark matter density and the subhalo catalog were stored
for these 64 “snapshots”. The merger trees were then constructed by identifying
and linking the progenitors and descendants. Recently, a new run based on the
WMAP7 cosmology (Komatsu et al., 2011) was released (Guo et al., 2013). In
this and the next chapter, we will primarily use the WMAP1 run due to the avail-
ability of low level data products such as the original particle density field. We also
present the WMAP7 results as comparison, showing that the results using these
two cosmologies are quantitatively similar.
The semi-analytic galaxy model (SAM) simulates galaxy formation based
on subhalo merger trees. Galaxies are formed in the subhalos and interact hierar-
chically. They gain stars through local star formation within an assumed interstellar
medium and through merger/accretion events. The basic recipes include gas cooling
and infall, reionization heating, black hole growth, AGN and supernova feedback,
and a realistic gradual gas stripping process that operates when galaxies become
satellites. The free parameters in the model are then determined by matching with
the observed galaxy abundance as a function of galaxy properties in the local uni-
verse. Recently, a WMAP7 version was released (Guo et al., 2013).
The results of these simulations have been widely used and compared with
observations of various aspects of the galaxy population (e.g., Croton et al., 2006;
Cohn et al., 2007; Genel et al., 2008, 2009; Bertone & Conselice, 2009; Overzier
et al., 2009a; Guo & White, 2009; Guo et al., 2011; Horesh et al., 2011; Bahé et al.,
2012; Henriques et al., 2012; Quilis & Trujillo, 2012; Merson et al., 2013), finding
that galaxy properties and the large-scale clustering are reasonably well-reproduced
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from low to high redshifts. Specifically, Guo et al. (2011) have shown that for
galaxy clusters in the local universe, the cluster abundance, cluster galaxy luminos-
ity function, and galaxy number density profiles match very well with those found in
large surveys such as the Sloan Digital Sky Survey. Interestingly, they also predict
the existence of the so called “orphan galaxies” in clusters with their dark matter
subhalos being stripped below the mass resolution of the MR. At 1.5 . z . 3, Guo
& White (2009) have shown that the abundances, redshift distributions, clustering,
and SFRs of Lyman break galaxies (LBGs), star-forming galaxies (BXs), and dis-
tant red galaxies are basically reproduced (see also Merson et al., 2013, for a com-
parison of the Durham galaxy model with observations for BzK-selected galaxies).
Henriques et al. (2012) and Overzier et al. (2009a) further push the comparison out
to redshifts 4 and 6, respectively. In our work, we use the models to link galaxy to
halo and eventually mass overdensity, thus only making the assumption that model
galaxies form in the right halos, and that the halos have the correct clustering. In
this and the next chapter, we do not use any photometric predictions of galaxies,
as this will add significant additional uncertainties and model assumptions. In the
future, we will utilize the Millennium Run Observatory (Overzier et al., 2013a), a
virtual observatory framework built on top of the Millennium SAM galaxy catalog,
in order to more realistically compare simulations with observations.
2.2.2 Definitions of Clusters and Proto-clusters
Observationally, galaxy clusters are identified by overdensities of galaxies,
dark matter, and hot ICM on scales of about 1 Mpc. Galaxy kinematics and gravita-
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tional lensing studies show that cluster galaxies are embedded in a massive halo of
dark matter with mass of & 1014 M, which weighs about five times more than its
baryonic contents (Gonzalez et al., 2007; Giodini et al., 2009; Andreon, 2010). It
is a common belief that the dark matter halo mass is the most important underlying
property when distinguishing between clusters, groups, and field galaxies. All other
features of galaxy clusters can, to the first order, be treated as manifestations of halo
mass and assembly history.
For these reasons, in the simulations we will define a galaxy cluster as a
gravitationally bound and virialized dark matter halo (and its associated galaxies)
with halo mass > 1014 M h−1.2 Then, a proto-cluster is defined simply as the
high redshift progenitor of such a galaxy cluster at z = 0.3 It is important to note
that for most practical purposes, the term proto-cluster does not refer to a single
virialized object, but rather to a large region in space as illustrated in Figure 2.1
(right) containing all the dark matter and baryons that merge into one massive bound
virialized structure by z = 0. By tracing the halo merger trees of all z = 0 clusters
in the MR simulation, we are able to identify proto-clusters at high redshifts and
quantify their properties predicted in a ΛCDM universe. Based on these definitions,
we compile a sample of 2832 galaxy clusters with a halo mass of > 1014 M h−1
at z = 0. This sample consists of 1976 low-mass “Fornax-type” clusters of 1.37–
3 × 1014 M, 797 intermediate mass “Virgo-type” clusters of 3–10 × 1014 M,
2We use the “mtophat” defined by the mass within the radius where the halo has an overdensity
equal to the spherical collapse model threshold in our cosmology. The “mtophat” for a given cluster
is, on average, higher than the “mcrit200” by ∼ 25%.
3We walk the merger trees which trace progenitors of all the identified and disrupted subhalos
within the FOF group of a z = 0 cluster.
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Figure 2.2: Spatial distribution of the 2832 galaxy clusters at z = 0 in the MR
Simulation, with masses of 1.37–3× (blue), 3–10× (green) and > 10× (red) 1014
M. The analysis performed in Chapter 2 and 3 is based on this cluster sample.
and 59 high-mass “Coma-type” clusters of > 1015 M. The three-dimensional
locations of the clusters in the MR are indicated in Figure 2.2.
2.2.3 Overdensity
Because of the hierarchical nature of the structure formation, galaxy clus-
ters formed in regions with the largest initial overdensities all the way from small
to large-scales. Therefore, the progenitors of galaxy clusters have manifested them-
selves since the earliest time by overdensities of dark matter, halo number, and
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galaxy number within a certain volume. We use the common definitions of matter,
halo, and galaxy overdensities as follows:
δm(x) ≡ ρ(x)− 〈ρ〉〈ρ〉 , (2.1)
δh(x) ≡ nh(x)− 〈nh〉〈nh〉 , (2.2)
δgal(x) ≡ ngal(x)− 〈ngal〉〈ngal〉 , (2.3)
where δm(x), δh(x) and δgal(x) are overdensities of dark matter, halo, and galaxy
number, respectively. 〈ρ〉, 〈nh〉, and 〈ngal〉 are the ensemble averages of the den-
sity of dark matter, halo, and galaxy number, respectively. The Ergodic principle
is applied to calculate these values. When calculating δh and δgal, properties of ha-
los (usually mass) and galaxies (e.g., stellar mass and SFR) need to be specified.
In addition, these overdensities are typically calculated in windows with different
sizes, shapes, and weighting profiles. In this work, we use tophat weighted cubic
windows of various sizes in comoving coordinates. These windows should be large,
ranging from a few to several tens of Mpc, in appreciation of the fact that galaxy
proto-clusters are generally very large.
2.3 Assembly and Virialization Redshifts
In Section 2.3–2.7 we present ΛCDM predicted properties of proto-clusters
extracted from the MR simulation and SAM galaxy catalog. In the previous sec-
tion, we identified 2832 galaxy clusters with halo mass > 1014 M h−1 at z = 0
(see Figure 2.2). Here we trace their progenitors to high redshifts. The center of a
18
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Figure 2.3: Evolution of the mass of the most massive progenitor halo Mmax (left)
and the effective radius Re (right) of (proto-)clusters binned by Mz=0. Results
based on WMAP1 (solid) and WMAP7 (dotted) cosmologies are presented. The
lines and error bars indicate the medians and 1 − σ scatter (15.865th and 84.135th
percentile). We note that the sizes of proto-clusters evolved largely before z ∼ 2,
and more massive proto-clusters occupied larger comoving volumes and formed
cluster-size halos earlier.
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proto-cluster is defined as the center of mass of its member halos. To understand
the structural evolution of proto-clusters, we quantify the key features such as mass,
size, assembly history, overdensities of dark matter and dark matter halos. Obser-
vational signatures, primarily in galaxy overdensities, will be presented in Chapter
3.
Under our definition, the birth of a galaxy cluster can be dated to the redshift
at which the mass of the main halo first exceeded ∼ 1014 M. Further relaxation
and virialization may be achieved after about one dynamical time, which is about
109 yr, an order of magnitude shorter than the Hubble time. In Figure 2.3 (upper),
we show the most massive progenitor halo mass, Mmax, of our MR cluster sample
binned by Mz=0 as a function of redshift. Results based on WMAP1 (solid) and
WMAP7 (dotted) cosmologies are presented. Medians and 1−σ scatter (15.865th
and 84.135th percentile) of each bin are plotted. In general, massive clusters form
earlier. The assembly redshifts for “Coma” (> 1015 M), “Virgo” (3–10 × 1014
M), and “Fornax” (1.37–3 × 1014 M) type clusters are about 1.5–2.3, 0.7–1.6
and 0.2–1, respectively. That is to say, the first objects that reached the “threshold”
cluster mass of 1014 M were likely the progenitors of “Coma-type” and more
massive clusters at around z = 2.3, while low-mass clusters made the transition
from proto-cluster to cluster much more recently. The high value of σ8 and low
value of Ωm in the WMAP1 run partially compensate each other (demonstrated
in Guo et al., 2013), such that clusters form at only slightly higher redshifts (<
10%) compared to the WMAP7 run. Our results of cluster halo mass growth are
consistent with those found by the RHAPSODY cluster simulations (Wu et al.,
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2013).
We note that cluster formation and halo assembly are ongoing processes.
According to Figure 2.3 (upper), to keep increasing the mass, a high redshift proto-
cluster must be surrounded by many smaller halos waiting to be assembled onto the
main halos. The sizes of these extended structures are quantified in the lower panel
of Figure 2.3 (see the next section for details).
2.4 Spatial Evolution of Proto-clusters
At the redshifts prior to that at which a cluster assembles most of its mass
into one single structure, a proto-cluster consists of many halos separated within a
much larger volume. To quantify the spatial distribution and the size of the whole
structure, we introduce, for the first time, an effective radius Re of proto-clusters.
We defineRe by the second moment of the member halo positions weighted by halo
mass,
Re ≡
√
1
M
Σimi(xi − xc)2, (2.4)
where M is the total mass of the proto-cluster in bound halos at the redshift of
interest, mi is the mass of each halo and xi and xc are the position of each halo and
the center of mass for the whole proto-cluster, respectively. We set a lower limit
of Re to the half mass radius of the main cluster halo since once a cluster finished
its assembly into a single halo, Equation (4) gives a spatial dispersion of zero. In
this case, the size of the main halo properly indicates the scale at which the mass is
distributed.
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We note that in our definition Re is fundamental and SAM independent. Re
is representative of the proto-cluster size, in a sense that a significant fraction of
mass is within this radius. At 2 . z . 5, about 65% of the mass in bound ha-
los and 40% of the total mass of the proto-cluster is distributed inside Re, and these
fractions are independent of cluster mass. Later in Chapter 3, we will use these frac-
tions to construct a way to estimate cluster mass observationally using overdensity
and effective volume. The defined Re is not sensitive to outliers or the likely de-
parture from spherical symmetry. Figure 2.3 (lower) shows Re for (proto-)clusters
as a function of redshift binned by Mz=0. Results based on WMAP1 (solid) and
WMAP7 (dotted) cosmologies are presented. The lines and error bars indicate
the medians and 1− σ scatter (15.865th and 84.135th percentile) for each bin. We
note that the sizes of proto-clusters evolved largely in the past. As expected, more
massive proto-clusters occupied larger comoving volumes. The effective diameter
2Re at z ∼ 2 for a “Coma”, “Virgo”, and “Fornax” type proto-cluster is expected
to be 13.0+3.8−2.6, 9.0
+2.4
−2.2 and 6.4
+1.8
−1.6 Mpc (comoving), respectively. At z ∼ 5, these
sizes increase to be about 18.8+3.2−3.2, 13.2
+2.8
−2.4 and 9.6
+1.8
−1.6 Mpc (comoving). Another
way to look at the effective radius Re is that Re is very close to the radius of the
Lagrangian volume of a halo in the simple tophat spherical collapse model. For ex-
ample, a typical “Virgo-type” cluster reaches 1014 M at z ∼ 1 (Figure 2.3, left).
Assuming this halo is formed under the growth of a tophat density perturbation, the
radius of this overdense region is ∼ 6 cMpc at z = 3, which agrees well with the
Re shown in Figure 2.3 (lower). Since this characteristic radius does not contain
the entire proto-cluster mass, the overdensity associated with a proto-cluster often
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extends even farther. The high σ8 and low Ωm in the WMAP1 run leads to slightly
smaller proto-clusters compared to those in the WMAP7 run at a given redshift.
This is a direct consequence of the slightly higher cluster formation redshifts in
WMAP1. However, the differences between the two cosmologies are only at a
level of few percent.
2.5 Overdensity Profile of Proto-cluster Galaxies
To further demonstrate the large sizes of proto-clusters, as well as the de-
tailed spatial distribution of proto-cluster galaxies as a function of cluster mass and
redshift, we perform a stacking analysis of regions centered at proto-clusters. Fig-
ure 2.4 shows the stacked overdensity profiles of three populations of galaxies in
three present-day mass bins (left to right) at redshifts 2, 3, 4, and 5 (top to bottom).
The effective radius Re defined in Section 2.4 for each subsample and redshift is
shown with red lines, showing how the observed density profiles are linked to the
more fundamental and relatively model-independent Re. In all cases, the density
profile shows a steeper increase toward the center for more biased galaxy popu-
lations, exactly as expected. More massive galaxies (dotted lines) result in larger
overdensities compared to less massive galaxies (dashed lines). Galaxies selected
on the basis of a SFR > 1 M yr−1 result in the lowest overdensities. The im-
plications of using these different tracer populations will be discussed below. The
galaxy overdensities that will be presented in Chapter 3 correspond to the values
measured when integrating these density profiles over some given volumes.
Although individual structures show certain degrees of non-spherical sym-
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Figure 2.4: Stacked differential overdensity profiles of proto-cluster galaxies in
three present-day cluster mass bins (left to right) at redshifts 2, 3, 4, and 5 (top
to bottom). Galaxies with star formation rate > 1 M yr−1, stellar mass > 109,
and > 1010 M are shown in solid, dashed, and dotted lines, respectively. Red
lines indicate the effective radius Re defined in Section 2.4 for each subsample and
redshift.
24
metry and complicated topology associated with cosmic filaments, these averaged
profiles are illustrative of the overall large sizes of proto-clusters that can be com-
pared with real observations. We also note that some galaxies at the outskirts,
although associated with the proto-cluster overdensities, will not become cluster
members by z = 0, but in the future, in appreciation of the fact that cluster forma-
tion is an ongoing and inside-out hierarchical process.
2.6 Mass Overdensity
The basic physical property determining the fate of structures is the initial
density contrast of dark matter as a function of scale shortly after recombination.
This density contrast then evolves under gravitational contraction. Therefore, we
expect that the present-day mass of the structures is closely related to the overden-
sity of dark matter at high redshift averaged over appropriate volumes.
We test this scenario and quantify the correlation and scatter using our large
cluster sample and 10,000 random regions drawn from the MR simulation. In Fig-
ure 2.5, we plot the probability density distribution of dark matter overdensity, δm
for (proto-)clusters (black) and random regions (gray) at z = 2, 3, 4, 5. The δm in
left and right panels are calculated using tophat cubic windows with 13.4 Mpc and
24.1 Mpc comoving on a side, respectively. The probability density distributions
here by definition are normalized to 1 when integrating from −1 to +∞. Simi-
larly, in Figure 2.6, we plot the medians and 1− σ scatter of these distributions for
random regions (gray), all (proto-)clusters (black), and also (proto-)clusters binned
by Mz=0 (red, green and blue) as functions of redshift. The high δm tails of the
25
−1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
f(
δ m
)
z=2
(13.4 Mpc)3
−1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
z=2
(24.1 Mpc)3
−1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
f(
δ m
)
z=3
−1 0 1 2 3 4
0.0
0.5
1.0
1.5
2.0
2.5
z=3
−1 0 1 2 3 4
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
f(
δ m
)
z=4
−1 0 1 2 3 4
0.0
0.5
1.0
1.5
2.0
2.5
3.0
z=4
−1 0 1 2 3 4
δm
0.0
0.5
1.0
1.5
2.0
2.5
f(
δ m
)
z=5
−1 0 1 2 3 4
δm
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
z=5
Figure 2.5: Probability density distributions of mass overdensities δm for proto-
cluster regions (black) and 10,000 random regions (gray) at redshifts 2, 3, 4, and
5. The results in the left and the right panels are evaluated with (13.4 Mpc)3 and
(24.1 Mpc)3 comoving tophat box windows, respectively. This figure shows that
proto-clusters can be recognized by high δm.
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Figure 2.6: Evolution of the median mass overdensities δm and 1 − σ scatters as
functions of redshift for proto-cluster regions with different Mz=0 (black and color
lines) and for random regions (gray). The results in the left and the right panels
are evaluated with (13.4 Mpc)3 and (24.1 Mpc)3 comoving tophat box windows,
respectively. Proto-clusters can be recognized by high δm. A larger window is
better for separating massive proto-clusters from lower mass ones especially at high
redshifts, in the sense that the scatter and overlap in δm are reduced. This is simply
because of the sizes of proto-clusters shown in Figure 2.3.
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random regions may cover parts of nearby cluster or group regions. It is clear that
proto-cluster regions have a higher δm, and thus they stand out from random fields
in overdensity space at all redshifts. Therefore, if we can infer δm from observables,
we should be able to identify proto-clusters long before virialization, and even pin
down their approximate z = 0 masses. Also shown here is that δm increases with
cosmic time for initially overdense regions. For the random regions, the medians
slightly decrease with time and the scatter increase. This is consistent with the pic-
ture of structure formation that “the rich get richer” and the voids become emptier.
Since in the nonlinear regime of structure formation, most of the volume in the
universe is underdense, the median δm of random regions drops.
The relatively large windows we used are motivated by the sizes of proto-
clusters presented previously. In smaller windows, δm are naturally higher since
matter is clustered and the center of proto-clusters are close to the local maximum
of δm. However, what we really need is to choose an appropriate window to maxi-
mize the ability to distinguish the structures of interest. In general, larger windows
are better for more massive clusters and at higher redshifts (recall Figure 2.3). In
Figure 2.5, 13.4 Mpc windows do a better job in separating low-mass proto-clusters
from the fields in the δm distribution at all redshifts. But the most massive proto-
clusters stand out from the field and lower mass clusters by using the larger 24.1
Mpc window. This can be seen in the right panel of Figure 2.6: the red line is
completely separated from the green line without overlap of their scatter. Larger
windows make the fractional-scatters of δm of massive proto-clusters smaller.
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Figure 2.7: Probability density distributions of halo number overdensities δh for
proto-cluster regions (black) and 10,000 random regions (gray) at redshifts 2, 3, 4,
and 5 with WMAP1 (solid) and WMAP7 (dotted) cosmologies. The results in
the left and the right panels are evaluated with (15 Mpc)3 and (25 Mpc)3 comoving
tophat box windows, respectively. Similar to δm, proto-clusters can be recognized
by high δh.
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Figure 2.8: Evolution of the median halo number overdensities δh and 1 − σ scat-
ters as functions of redshift for proto-cluster regions with different Mz=0 (black
and color lines) and for random regions (gray). The results in the left and the right
panels are evaluated with (15 Mpc)3 and (25 Mpc)3 comoving tophat box windows,
respectively. Similar to δm, proto-clusters can be recognized by high δh. A larger
window is better for separating massive proto-clusters from lower mass ones espe-
cially at high redshifts, in the sense that the scatter and overlap in δh are reduced.
This is simply because of the sizes of proto-clusters shown in Figure 2.3.
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2.7 Halo Overdensity
The process of galaxy formation occurs in the gravitational bound halos at
the local minimums of the potential well. The overdense nature of proto-cluster re-
gions should manifest itself not only in terms of the continuous matter distributions
presented above, but also in the distribution of the individual halos and galaxies
already present in that region. We test this and quantify the scatter by performing
the same analysis as in the previous section, but now we look at the overdensity
of halo number density, δh. When counting halo number, the mass of halos needs
to be specified. Here we show the case for M > 1011 M halos. Figure 2.7 and
2.8 shows the probability density distribution function of δh for random regions
(gray), all (proto-)clusters (black), and (proto-)clusters binned by Mz=0 (red, green,
and blue) at z = 2, 3, 4, 5. Results with WMAP1 (solid) and WMAP7 (dotted)
cosmologies are presented and they are quantitatively similar. Again, data using
two different windows are plotted. Similar to Figure 2.5, proto-cluster regions have
high δh, and thus stand out from random fields. The most massive ones can be better
identified using 25 Mpc windows. Figure 2.8 clearly shows some interesting differ-
ences from the δm evolution of Figure 2.6. Given the same minimum halo mass at
different redshifts, the median values of δh decrease with cosmic time, even though
the structures are growing. This is because halos with a certain mass at high redshift
are more biased than their lower redshift “counterparts”, and the real descendants
of these high redshift halos evolve to be more massive. More biased populations
are clustered stronger, and thus give higher δh at higher redshifts.
The choice of the limiting halo mass should be driven by observational prac-
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ticalities. In order to suppress the statistical noise arising from the discrete nature of
halos, one could, in principle, go to lower mass thresholds to obtain more halos. On
the other hand, this may not always be possible due to the observational constraints
(e.g., sensitivity of the survey).
So far we have presented the structural properties of galaxy proto-clusters
predicted in ΛCDM cosmological simulations of dark matter evolution. In the next
chapter we will make further connections to the major observable—overdensity of
galaxies—using state-of-the-art galaxy models introduced in Subsection 2.2.1. We
will discuss our results and summarize this series of work at the end of Chapter 3.
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Chapter 3
Observational Signatures of Galaxy Proto-Clusters1
Observational inferences of proto-clusters are currently limited by small
number statistics, widely varying galaxy selection techniques, and oversimplifi-
cations of the complex structure formation processes. To facilitate future obser-
vational studies, we extract detailed predictions of the observational signatures of
galaxy proto-clusters using the sample of about 3000 clusters extracted in the Mil-
lennium Simulations and the semi-analytic galaxy model described in Chapter 2.
In this chapter, we present the overdensities of galaxies as functions of present-day
cluster mass, redshift, bias, and window size that can be used to interpret the wide
range of structures found in real surveys. Tight correlations between the density
fields of various kinds of galaxies and the underlying dark matter are confirmed and
quantified, supporting the feasibility of tracing dense structures with not only qui-
escent galaxies, as usually advocated in low redshift systems, but also star-forming
ones at high redshift. We show that the progenitor regions of galaxy clusters (rang-
ing in mass from∼ 1014 to a few times 1015 M) can already be identified in galaxy
surveys at very early times (at least up to z ∼ 5), provided that the galaxy overden-
sities are measured on a sufficiently large-scale (Re ∼5–10 Mpc comoving) and
1This chapter has been published as part of Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2013,
ApJ, 779, 127
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with sufficient statistics. We derive the probability that a structure having a galaxy
overdensity δgal, defined by a set of observational selection criteria, is indeed a
proto-cluster, and show how their z = 0 masses can already be estimated long
before virialization. We further show how the projected surface overdensities of
proto-clusters decrease as the uncertainties in redshift measurements increase. We
provide a table of proto-cluster candidates selected from the literature, and discuss
their properties in the light of our simulations predictions. This work provides the
general framework that will allow us to extend the study of cluster formation out to
much higher redshifts using the large number of proto-clusters that are expected to
be discovered in, e.g., the upcoming HETDEX, Hyper Suprime-Cam, Prime Focus
Spectrograph, and WFIRST surveys.
The structure of this chapter is as follows. In Section 3.1, we present the
expected galaxy overdensities of proto-clusters with different observational setups.
We develop the basic machinery of proto-cluster identification and z = 0 mass
estimate in In Section 3.2 and 3.3, respectively. In Section 3.4, we present the
impacts of redshift measurement uncertainty on the performance of proto-cluster
identification. In Section 3.5 and 3.6, we discuss and summarize our results in
Chapter 2 and 3 and make a preliminary comparison with recent observations. The
methodology and simulations used in this Chapter is identical to that introduced in
Chapter 2, we thus refer the reader there for detailed descriptions. If unspecified,
the cosmological parameters used are based onWMAP1: Ωm = 0.25, Ωb = 0.045,
ΩΛ = 0.75, h = 0.73, ns = 1, σ8 = 0.9. WMAP7 cosmology is used when we
present a comparison of the results for different cosmologies.
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3.1 Galaxy Overdensity
In the previous chapter we showed that proto-clusters can be identified by
mass and halo overdensity (δm and δh). However, δm and δh are usually not direct
observables. In order to bridge the gap between observations and theory, we there-
fore extract the detailed properties of proto-clusters at the level of direct observ-
ables provided by their galaxies as predicted by the SAM. We count the overdensity
of galaxies in proto-clusters and random regions, with galaxies selected by differ-
ent criteria such as stellar mass and SFR. Figure 3.1 and 3.2 show the probability
density distribution function of δgal for random regions (gray), all (proto-)clusters
(black) and (proto-)clusters binned by Mz=0 (red, green, and blue) at different red-
shifts. Results with N -body simulations and galaxy models based on WMAP1
(solid) and WMAP7 (dotted) cosmologies are presented in parallel in Figure 3.1,
and they are quantitatively similar. At z > 2, the progenitor of a “Coma”, “Virgo”,
and “Fornax” type cluster is expected to have a 15/25 Mpc scale galaxy overden-
sity δgal ∼ 5.5+1.5−0.8/2.6+0.4−0.4, 3.8+0.9−0.7/1.5+0.5−0.4, and 2.5+0.6−0.5/0.9+0.3−0.3, respectively, traced
by SFR > 1 M yr−1 galaxies. Remarkably, proto-clusters of different Mz=0 can
be separated rather cleanly according to δgal. This is also true when we use other
selection criteria such as stellar mass (not shown here). Again, a large window size
is better to identify the most massive proto-clusters. The threshold of 1 M yr−1
chosen here corresponds to the typical limiting SFR achieved by current surveys of
Lyα emitters (LAEs) and LBGs (slightly more biased).
Interestingly, Figure 3.2 shows that the time evolution of the median δgal
are relatively flat compared to δm and δh shown previously. This is because the
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Figure 3.1: Probability density distributions of galaxy overdensities δgal for proto-
cluster regions with 3 z = 0 mass bins and 10,000 random regions (gray) at redshifts
2, 3, 4, and 5 with WMAP1 (solid) and WMAP7 (dotted) cosmologies. Galaxies
with SFR > 1 M yr−1 and windows of (15 Mpc)3 (left) and (25 Mpc)3 (right)
comoving tophat box are used for calculating δgal. Similar to δm, proto-clusters can
be recognized by high δgal.
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Figure 3.2: Evolution of the median galaxy overdensities δgal and 1 − σ scatters
as functions of redshift for proto-cluster regions with different Mz=0 (black and
color lines) and for random regions (gray). Galaxies with SFR > 1 M yr−1 and
windows of (15 Mpc)3 (left) and (25 Mpc)3 (right) comoving tophat box are used
for calculating δgal. Similar to δm, proto-clusters can be recognized by high δgal.
A larger window is better for separating massive proto-clusters from lower mass
ones especially at high redshifts, in the sense that the scatter and overlap in δgal
are reduced. This is because of the sizes of proto-clusters shown in Figure 2.3 and
the fact that the δgal statistic suffers from Poisson noise due to discreteness. We
note that different galaxy populations can be used for calculating δgal. In general,
the distribution will peak at higher δgal with increasing bias of the chosen galaxy
population. The scatter and noise will increase with decreasing number density of
the chosen galaxy population.
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Table 3.1: Galaxy Bias b at r ∼ 7.5 Mpc as a Function of Redshift and Galaxy
Type
z = 2 z = 3 z = 4 z = 5
SFR> 1 M yr−1 1.59 2.01 2.35 2.85
M∗ > 109 M 1.74 2.24 2.71 3.38
M∗ > 1010 M 2.00 2.71 3.36 4.17
growth of structure and the underlying δm is counteracted by the decrease of galaxy
bias due to selection. Given our constant SFR selection threshold at all redshifts,
we are selecting a lower bias population at lower redshifts (see the galaxy bias
in Table 3.1). This competition is also there for the case of δh in Figure 2.8. If
using bright galaxies with M∗ > 1010 M, a 15/25 Mpc δgal of 12.7+3.3−2.8/4.8
+0.7
−1.2,
7.0+2.3−1.5/2.6
+1.0
−0.7, and 4.4
+1.2
−1.0/1.6
+0.7
−0.6 is expected at z ∼ 2 for “Coma”, “Virgo”, and
“Fornax” type proto-clusters, respectively. In this case, δgal increases with redshift
due to the steeper evolution of galaxy bias at a fix stellar mass threshold compared
to structure growth.
From the underlying mass overdensity δm, bound units of dark matter δh pre-
sented in Chapter 2 to the final manifestation, δgal presented here, the overdensity–
z = 0 structure relation holds remarkably well, giving us great confidence that we
can indeed use any of these criteria to find and study the early progenitors of galaxy
clusters.
Next, we examine how well δgal can be mapped to the underlying δm by
directly plotting δgal vs. δm (Figure 3.3. In this plot, red dots are regions targeted
at the center of proto-clusters. Black dots are random regions that cover > 50%
volume (assuming a sphere with radius Re) of the most nearby proto-cluster and
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Figure 3.3: Correlation between galaxy overdensity and the underlying mass over-
density for proto-cluster regions (red) and random regions (gray and black). Black
dots are random regions that cover > 50% volume (assuming a sphere with radius
Re) of the most nearby proto-cluster. Gray dots are random regions that are con-
sistent with fields. Galaxies with star formation rate > 1 M yr−1 are used for
calculating δgal, and windows of (15 Mpc)3 comoving tophat box are applied. This
correlation reflects the bias of the chosen galaxy population and it is tight at all
redshifts shown here. By observing galaxy overdensities, we can infer the corre-
sponding mass overdensities and characterize the structures.
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gray dots are random regions that are consistent with the field. The correlation
between δgal and δm is very tight at all redshifts, thus it is robust to estimate δm from
the measurement of δgal. In order to do this, one needs to take into account the bias
(defined as b = δgal/δm) of the galaxy population that was used to trace the dark
matter. In Table 3.1 we give the bias parameters measured for the three populations
of galaxies used in our analysis (i.e., samples defined as having SFR > 1 M yr−1,
M∗ > 109, and M∗ > 1010 M). The bias was assessed at a scale of about 7.5 Mpc
(i.e., half of the size of the window used to calculate the overdensities). We note
that although galaxy bias in general is scale dependant, it is fairly constant at scales
greater than about 1 Mpc, which corresponds to scales beyond a single halo (Ouchi
et al., 2005a).
3.2 Identification of Proto-clusters
As shown in Figure 3.3, there is a range in mass/galaxy overdensities for
which the identification of a given region as a proto-cluster is ambiguous. This
is because the progenitors of less massive groups sometimes show overdensities
that are similar to those of small clusters, or because some (proto-)clusters are less
evolved compared to other (proto-)clusters at the same epoch. In observations, this
may cause field regions to be falsely classified as proto-clusters, and vice versa. To
provide a tool which can be used to interpret observations at least statistically, we
extract the conditional probability for a structure to finally evolve to a galaxy cluster
by z = 0 given an observed δgal (Figure 3.4). In this plot, we show the results for
different galaxy selection criteria, with solid, dashed and dotted lines representing
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Figure 3.4: Proto-cluster fraction as functions of galaxy overdensities calculated
with different galaxy populations in windows of (15 Mpc)3 comoving tophat box.
This figure shows the probability for a high redshift structure to evolve into a galaxy
cluster by z = 0 given an observed δgal. We note that the higher required δgal for
structures to be proto-clusters using highly biased galaxies is due to the fact that
highly biased populations are more clustered, making it easier to have a high δgal.
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SFR > 1 M yr−1, M∗ > 109 M and M∗ > 1010 M galaxies, respectively.
In general, the higher the observed δgal, the more confident we are in identifying a
structure as a genuine proto-cluster. When observing more biased populations, we
need higher δgal to identify proto-clusters. This does not mean that lower bias popu-
lations are intrinsically better tracers because for a given proto-cluster, the overden-
sities measured from more biased populations are naturally higher. There are some
concerns about the choice of tracer. First, biased populations are usually brighter
and easier to detect, but the noise induced by small number statistics will propagate
into the final conditional probability to identify structures. Second, a likely picture
is that galaxies in dense environments may experience speed up formation and evo-
lution, transferring less biased galaxies to be more biased. This may further reduce
the strength of clustering of low bias galaxies in proto-clusters.
Tables 3.2, 3.3, and 3.4 further list the δm, δh and δgal required to identify
a structure as a proto-cluster with 50% and 80% confidence for various redshifts,
windows, halo, and galaxy populations. The corresponding galaxy bias is listed in
Table 3.1.
3.3 Estimating the Present-day Masses of Proto-clusters
In order to study the evolution of proto-clusters into clusters, it is extremely
important that we compare structures at different redshift by statistically linking
structures having a similar Mz=0. We thus need to derive reliable methods for
estimating the total z = 0 cluster mass based on the main proto-cluster observables
such as their sizes and overdensities. Here we will address this problem in two
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Table 3.2: δm Required for Achieving 50% and 80% Proto-cluster Fractions as a
Function of Redshift and Window Size
z = 2 z = 3 z = 4 z = 5
Window 50% 80% 50% 80% 50% 80% 50% 80%
(13.4 Mpc)3 1.35 2.08 0.93 1.24 0.77 1.08 0.59 0.83
(24.1 Mpc)3 0.36 0.58 0.29 0.49 0.23 0.38 0.19 0.30
Table 3.3: δh Required for Achieving 50% and 80% Proto-cluster Fractions as a
Function of Redshift, Window Size, and Halo Mass
z = 2 z = 3 z = 4 z = 5
Halos Window 50% 80% 50% 80% 50% 80% 50% 80%
Mh > 5× 1010 M (15 Mpc)
3 1.83 2.11 1.76 2.46 1.72 2.58 2.29 3.47
(25 Mpc)3 0.51 0.89 0.56 0.92 0.59 0.97 0.66 1.10
Mh > 10
11 M
(15 Mpc)3 1.91 2.74 2.24 2.90 2.13 3.24 2.79 4.09
(25 Mpc)3 0.61 0.99 0.64 1.06 0.66 1.22 0.75 1.25
Mh > 10
12 M
(15 Mpc)3 3.80 5.44 4.62 6.50 6.19 10.44 8.85 & 25
(25 Mpc)3 1.01 1.92 1.02 1.88 1.19 2.44 2.22 4.36
Table 3.4: δgal Required for Achieving 50% and 80% Proto-cluster Fractions as a
Function of Redshift, Window Size, and Galaxy Type
z = 2 z = 3 z = 4 z = 5
Galaxies Window 50% 80% 50% 80% 50% 80% 50% 80%
SFR> 1 M yr−1
(15 Mpc)3 2.17 2.88 2.08 3.14 2.06 2.83 1.84 3.04
(25 Mpc)3 0.62 1.06 0.64 1.10 0.62 0.99 0.60 1.02
M∗ > 109 M
(15 Mpc)3 2.41 3.39 2.24 3.52 2.49 3.82 3.02 4.54
(25 Mpc)3 0.65 1.24 0.64 1.17 0.72 1.18 0.73 1.29
M∗ > 1010 M
(15 Mpc)3 2.87 4.97 3.43 4.81 4.29 6.98 7.38 10.90
(25 Mpc)3 0.85 1.42 0.86 1.49 0.98 1.85 1.21 2.69
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ways. First, we will derive the empirical relation between overdensity and z = 0
cluster mass based on our simulations. However, because the simulations are not
necessarily representative of the true universe, we will also use them simply to test
the general concept of estimating the z = 0 descendant mass of proto-clusters based
on methods suggested in literature.
The first method is to use the correlation between overdensity (of mass, ha-
los, and galaxies) and the total Mz=0 directly. Figure 3.5 and 3.6 show the Mz=0
of our MR sample as functions of δm and δgal respectively. Again, data using two
different windows and at z = 2, 3, 4, 5 are plotted. The lines and error bars indicate
the median and 1 − σ scatter binned by δm or δgal. As we expect, large-scale over-
densities defined in fixed volume windows increase with the Mz=0. This allows us
to estimate Mz=0 without further assuming a volume which contains Mz=0. A large
window size, again, provides better measurements of Mz=0 for the most massive
proto-clusters. In general, the errors that arise due to the intrinsic scatter are about
0.2 dex in mass for both δm and δgal (slightly larger).
Second, we perform an analysis motivated by the widely used analytic for-
mula first applied to a z = 3.09 proto-cluster with estimated Mz=0 of ∼ 1015 M
by Steidel et al. (1998, 2000):
Mz=0 = (1 + δm)〈ρ〉V, (3.1)
where V is the true volume containing all of the mass which will be bound and
virialized by z = 0, and δm and 〈ρ〉 are the mass overdensity in V and the average
density, respectively. The δm is inferred from the observed galaxy overdensity, δgal,
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Figure 3.5: Correlation between mass overdensity δm at redshifts 2, 3, 4, and 5
and the z = 0 descendant cluster mass, Mz=0, calculated with (13.4 Mpc)3 (left)
and (24.1 Mpc)3 (right) comoving tophat box windows. The lines and error bars
indicate the median and 1− σ scatter binned by δm. This correlation can be used to
estimate the mass of proto-clusters based on their large-scale mass overdensity.
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Figure 3.6: Correlation between galaxy overdensity δgal at redshifts 2, 3, 4, and 5
and the z = 0 descendant cluster mass, Mz=0, calculated with (15 Mpc)3 (left) and
(25 Mpc)3 (right) comoving tophat box windows. Galaxies with star formation rate
> 1 M yr−1 are used for calculating δgal. The lines and error bars indicate the
median and 1−σ scatter binned by δgal. This correlation can be used to estimate the
mass of proto-clusters based on their observed large-scale overdensity of galaxies.
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and the linear galaxy bias, b (δgal = bδm). In principle, complexities introduced by
peculiar velocities need to be considered (e.g., see Steidel et al., 1998).2 We note
that all our numerical results of overdensity and volume presented in Chapter 2 and
3 refer to the true geometric positions, not considering redshift-space distortions.
One of the main uncertainties in this mass estimation (Equation (3.1)) is the
volume, which should be large enough to cover the entire structure. Also, it needs
to be shown that the overdensity is large enough for the structure to collapse by z =
0. This is usually done by translating δm (inferred from the observed δgal through
the bias parameter), which is assumed to be described by the spherical collapse
model, to the linear regime overdensity (e.g., Equation (18) in Mo & White, 1996;
Carroll et al., 1992), and then comparing its growth as a function of redshift with
the spherical collapse threshold δc = 1.69 (e.g., Peacock, 1999). However, these
assumptions may introduce systematic and random errors in the mass measurement
for any given proto-cluster.
In order to circumvent this series of assumptions and simplifications, we
propose a modification based on the insights drawn from simulations. As we pro-
posed in Section 2.4 the effective radius, Re can serve as a characteristic size for
proto-clusters, as about 65% of the mass in bound halos at the concerned redshift is
distributed inside Re. From Equation (3.1), we then have:
Mz=0 'Mest ≡ Ce(1 + δm,e)〈ρ〉Ve, (3.2)
2One can perform a correction based on the Zel’dovich approximation and assumptions of spher-
ical symmetry and dynamical stage of the collapsing structures as in Steidel et al. (1998; see also
Bardeen et al. 1986; Steidel et al. 2005).
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Figure 3.7: Enclosed mass Menc within a box with a length of Lwin as a function
of Lwin. Menc and Lwin are scaled with z = 0 descendant cluster mass and the
effective diameter respectively for each (proto-)cluster. Independent of cluster mass
and redshift, a proto-cluster has about 40% mass inside a central cubic region of
2Re. This provides a universal correction factor when observationally estimating
the mass of proto-clusters using an inferred density and volume.
where Ve ≡ (2Re)3 is the effective volume and δm,e is the mass overdensity in Ve.
Ce is a correction factor that relates the mass found within the effective volume
to the total mass of the cluster. It is important to note that our definition of Re
is based only on the mass in bound halos found in the simulation. In reality, a
significant fraction of the mass in the proto-cluster region will be in the form of
smaller, unresolved halos as well as uncollapsed dark matter. In order to check
the completeness of mass when applying a characteristic volume defined by the
effective radius, we plot the enclosed mass Menc in cubic regions centered at the
proto-cluster as a function of box size Lwin in Figure 3.7. What we found is that
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Figure 3.8: Proto-cluster mass estimated using our proposed observational formula
(Equation (3.2)) vs. the true z = 0 cluster mass in the simulation. The errors given
by this method are fairly low and the results show no significant bias for different
intrinsic cluster masses and at different redshifts.
independent of cluster mass and redshift, a proto-cluster has about 40% of mass
(both bound in halos and unbound in between halos) inside a cubic region of 2Re.
This provides a universal correction factor when estimating the proto-cluster mass
using Equation (3.2) of Ce ∼ 2.5.
Figure 3.8 shows the total mass estimated by our proposed Mest (Equation
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(3.2)) across the mass and redshift range of interest. As we see Mest works fairly
well to reproduce the intrinsic mass Mz=0 . The errors are in general less than a
factor of 2 and the results show no significant bias for different intrinsic cluster
masses and at different redshifts.
Practically, Mest can be observationally obtained using derived δm and a
volume corresponding to Re. By definition (Equation (2.4)), Re is based on spa-
tial distribution of halo mass, which can be estimated from the observed spatial
distribution of galaxies and their inferred halo masses, or by mapping overdensity
profiles of proto-cluster galaxies (see Figure 2.4).
3.4 Effects of Redshift Measurement Uncertainty
In some of the real observations traced by narrow-band-selected emission
line galaxies or samples with photometric redshift, galaxy overdensity is basically
measured in excess of surface density, δgal = (Σ − Σ¯)/Σ¯. In these cases, the full
width of the redshift range, ∆z, for the narrow-band filter or the photometric red-
shift uncertainty equivalently sets a window with a depth that is often larger in the
radial dimension than that assumed by our 15 or 25 Mpc cubic windows. As ∆z
increases, the projection of the low density proto-cluster outskirts and physically
unassociated interlopers diminishes the significance of proto-cluster overdensity,
while the projection of overlapping structures can also spuriously boost the ob-
served overdensity. We demonstrate and quantify this effect by adjusting the depth
of the applied windows to the comoving length dc set by given ∆z. Figure 3.9
shows the δgal as a function of ∆z for proto-clusters and 10,000 random regions at
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Figure 3.9: Median and 1−σ scatter galaxy overdensities δgal for proto-clusters and
random regions as function of redshift uncertainty ∆z (full width) at z = 3. Win-
dows with 15 × 15 Mpc2 on the sky times a comoving radial depth corresponding
to ∆z are used. The depth for the smallest ∆z data points is set to 15 Mpc, thereby
recovering the same δgal as shown in Figure 3.2. Galaxies with SFR > 1 M yr−1
(bias b ∼ 2 at z = 3) are used to calculate δgal. As the ∆z increases, the scatter for
each population gradually decreases due to smoothing, while the mean δgal for clus-
tered populations goes down rapidly and eventually becomes indistinguishable from
the random fields. The shaded bars indicate the approximate redshift uncertainties
allowed by typical spectroscopic, narrow-band, and color-selection techniques.
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z = 3 traced by galaxies with SFR > 1 M yr−1. The effectively larger windows
with increasing ∆z smooth the density field, decrease the scatter within each bin,
and largely diminish the proto-cluster overdensity. For example, for star-forming
Lyα emitting galaxies at z = 3 selected with a typical narrow-band filter (FWHM
∼ 60 Å, corresponding to a ∆z ∼ 0.05 and dc ∼ 50 Mpc), the surface density of
proto-clusters (1 + δgal) drops ∼ 40% from the values calculated with a 15 Mpc
cubic window. At a ∆z & 0.1, it becomes difficult to distinguish proto-clusters
from random fields, except for the most overdense systems. On the other hand,
if accurate spectroscopic redshifts are obtained, one might still need to correct for
the redshift-space distortion due to the intrinsic velocity dispersion of proto-cluster
galaxies (e.g., Steidel et al., 1998) if the desired window depth to calculate δgal is
relatively small. The line of sight velocity dispersion of our “Coma-”, “Virgo-”, and
“Fornax-” type sample at z ∼ 3 are at the level of 400± 60, 330± 70, and 250± 60
km s−1, respectively, and they are ∼ 20%–40% higher at z = 2.
In Figure 3.9, we use shaded bars to mark the different regimes that can be
probed by different selection techniques: (1) a spectroscopic survey in which the
redshift uncertainty is set by the velocity distribution of the proto-cluster (full width
of 2σlos and assuming σlos of up to 460 km s−1), (2) a narrow-band Lyα survey using
a typical narrow-band filter of FWHM 50–100 Å, and (3) a photometric redshift
survey for which ∆z & 0.1. It is worth noting that although they will be highly
incomplete, techniques with large ∆z are still valuable for selecting candidates of
proto-cluster. These candidates will then likely be the progenitors of more massive
clusters, as shown in Figure 3.9. Such structures will be interesting “by-products”
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of upcoming dark energy galaxy surveys.
3.5 Discussion
The search for proto-clusters and the characterization of their main prop-
erties offer great challenges and opportunities for the study of cluster formation.
Complementary to ongoing observational efforts, our results in Chapter 2 and 3
demonstrate that invaluable insights and quantitative descriptions can also be gained
from simulations. Here we discuss our results based on ∼ 3000 simulated galaxy
clusters in Chapter 2 and 3 and provide comparison with recent observational results
in the literature.
What have we learned from these simulations predictions? As shown in Fig-
ure 2.3 (upper), at z > 2 most cluster progenitors are not yet virialized at the mass
scale of present-day clusters (defined as having a mass& 1014 M). This is consis-
tent with the absence of extended X-ray emission in observations beyond z ∼ 2 to
date. However, according to Figure 2.3 (upper), the rarest progenitors of the most
massive “Coma-type” clusters formed as early as z ∼ 2.3, indicating the possibility
of X-ray emitting ICMs yet to be discovered at z > 2. This is also suggested by
the hydro-dynamical simulations performed by Saro et al. (2009). However, de-
spite the fact that luminous or detectable levels of X-ray emission will be absent for
most forming clusters at such high redshifts, we have clearly demonstrated that one
can, in principle, already identify the progenitors of massive clusters out to much
higher redshifts by simply focusing on their overdensities of galaxies. Once identi-
fied, it will be much more efficient to target these structures for faint, diffuse X-ray
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emission rather than to perform deep blind searches with current X-ray missions.
In order to initiate a more systematic study of proto-clusters at the present
moment, we have compiled an overview of known structures selected from the lit-
erature. The results are shown in Table 3.5. To our knowledge, about 20 good
proto-cluster candidates have been found prior to 2013. These structures have red-
shifts in the range 2 . z . 6 and galaxy overdensities in the range ≈ 1–16 on
scales from a few to a few tens of arcminutes. Furthermore, because these proto-
clusters were found using a wide range of tracer galaxies, the sample is rather in-
homogeneous and somewhat difficult to compare with any single set of simulation
predictions. However, the main observable properties of these structures (i.e., the
overdensity and the projected size) generally agree with the typical properties of the
proto-clusters in the simulations described in Chapter 2 and 3.
About half of the structures were found around high redshift radio galaxies.
We compare our results with the systematic study of proto-clusters associated with
powerful radio galaxies (see Venemans et al., 2007, and Table 3.5). For example,
four structures at z ∼ 3 (MRC 0052–241, MRC 0943–242, MRC 0316–257, and
TN J2009–3040) showed surface overdensities of LAEs of 2.0+0.5−0.4, 2.2
+0.9
−0.7, 2.3
+0.5
−0.4,
and 0.7+0.8−0.6, respectively. The Venemans et al. (2007) study was performed with
a narrow-band filter (59–68 Å, FWHM) over a field of view of 7 × 7 arcmin2 (∼
13×13 cMpc2). We can compare this study with our predictions shown in Figure 3.9
taking ∆z ∼ 0.05 corresponding to the redshift range probed by the narrow-band
filter. Based on Figure 3.9, a “Coma”, “Virgo”, and “Fornax” type proto-cluster is
then expected to have a δgal of 2.8+0.6−0.7, 1.6
+0.6
−0.5, and 1.0
+0.5
−0.4 given this approximate
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Table 3.5: An Overview of Proto-cluster Candidates Select from the Literature
Object z Sel.a FOVb ∆zc δdgal σ
e
v M
f Ref.†
arcmin2 km s−1 1014 M
PKS 1138–262 2.16 Lyα 7× 7 0.053 3± 2 900± 240 3–4 1–6
Hα 7× 7 0.041 . . . . . . . . . 7
HS1700–FLD 2.30 BX 8× 8 0.030 6.9+2.1−2.1 . . . 14 8
4C 10.48 2.35 Hα 2.5× 2.5 0.046 11+2−2 . . . . . . 9
J2143–4423 2.38 Lyα 44× 44 0.044 5.8+2.5−2.5 . . . . . . 10
4C 23.56 2.48 Hα 7× 4 0.035 4.3+5.3−2.6 . . . . . . 11
USS 1558–003 2.53 Hα 7× 4 0.041 . . . . . . . . . 12
LABd05 2.7 Lyα 28× 11 0.165 ∼ 2 . . . . . . 13
HS1549 2.85 LBG . . . 0.060 ∼ 5 . . . . . . 14
MRC 0052–241 2.86 Lyα 7× 7 0.054 2.0+0.5−0.4 980± 120 3–4 6,15
MRC 0943–242 2.92 Lyα 7× 7 0.056 2.2+0.9−0.7 715± 105 4–5 6,15
Notes.
aMethod of sample selection: (Lyα) narrowband Lyα, (Hα) narrowband Hα, (LBG) Lyman break
technique, (BX) the ‘BX’ criteria of Adelberger et al. (2005), (SMG) sub-millimeter galaxies.
bApproximate field size or the size of the structure used to calculate overdensity.
cFull width redshift uncertainty associated with the δgal quoted.
dAmplitude of the galaxy overdensity in the references. Except for HS1700–FLD, SSA22–FLD,
and SDF (z = 6.01) where ample spectroscopic information was available, δgal refers to the
projected surface overdensity (Σ− Σ¯)/Σ¯.
eVelocity dispersion (where available).
f Inferred mass of the overdensity in units of 1014 M.
gOnly the richest of the two z = 5.7 overdensities discovered in this field is listed.
References. †(1) Kurk et al., 2000; (2) Pentericci et al., 2000; (3) Pentericci et al., 2002; (4)
Kurk et al., 2004b; (5) Kurk et al., 2004a; (6) Venemans et al., 2007; (7) Koyama et al., 2013; (8)
Steidel et al., 2005; (9) Hatch et al., 2011b; (10) Palunas et al., 2004; (11) Tanaka et al., 2011; (12)
Hayashi et al., 2012; (13) Prescott et al., 2008; (14) Mostardi et al., 2013; (15) Venemans et al.,
2005; (16) Steidel et al., 1998; (17) Matsuda et al., 2005; (18) Steidel et al., 2000; (19) Yamada
et al., 2012b; (20) Venemans et al., 2005; (21) Venemans et al., 2002; (22) Miley et al., 2004;
(23) Zirm et al., 2005; (24) Overzier et al., 2008; (25) Kuiper et al., 2011; (26) Shimasaku et al.,
2003; (27) Venemans et al., 2004; (28) Overzier et al., 2006; (29) Capak et al., 2011; (30) Ouchi
et al., 2005b; (31) Toshikawa et al., 2012; (32) Utsumi et al., 2010; (33) Papovich et al., 2012;
(34) Chiaberge et al., 2010; (35) Spitler et al., 2012; (36) Matsuda et al., 2009; (37) Trenti et al., 2012
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Table 3.5, cont.
Object z Sel.a FOVb ∆zc δdgal σ
e
v M
f Ref.†
arcmin2 km s−1 1014 M
SSA22–FLD 3.09 LBG 11.5× 9 0.034 3.6+1.4−1.2 . . . 10–14 16
Lyα 9× 9 0.066 5± 2 . . . . . . 17,18,19
MRC 0316–257 3.13 Lyα 7× 7 0.049 2.3+0.5−0.4 640± 195 3–5 6,15,20
TN J2009–3040 3.16 Lyα 7× 7 0.049 0.7+0.8−0.6 515± 90 . . . 6,15
TN J1338–1942 4.11 Lyα 7× 7 (×2) 0.049 3.7+1.0−0.8 265± 65 6–9 6,15,21
LBG 3.4× 3.4 ∼ 0.6 1.5+0.3−0.3 . . . . . . 6,22,23,24
6C 0140+326 4.41 Lyα 10× 10 ∼ 0.04 8+5−5 . . . 0.8–2.9 25
SDF 4.86 Lyα 10× 10 0.060 2.0+1.0−2.0 . . . > 3 26
TN J0924–2201 5.19 Lyα 7× 7 0.073 1.5+1.6−1.0 305± 110 4–9 6,15,27
LBG 3.4× 3.4 ∼ 0.7 1.0± 0.5 . . . . . . 28
COSMOS AzTEC03 5.30 SMG 1× 1 . . . . . . . . . . . . 29
SXDF-Object ‘A’g 5.70 Lyα 6× 6 0.099 3.3+0.9−0.9 ∼ 180 1–3 30
SDF 6.01 LBG 6× 6 ∼ 0.05 16± 7 647± 124 2–4 31
CFHQSJ2329–0301 6.43 LBG 34× 27 ∼ 1.0 ∼ 6 . . . . . . 32
See also 33–37
set-up. Therefore, MRC 0052–241, MRC 0943–242, and MRC 0316–257 are likely
to be progenitors of a “Virgo-type” cluster withMz=0 . 1015 M. TN J2009–3040
is likely to be the progenitor of a low-mass cluster or massive group, given its much
lower overdensity. We also find that the present-day masses (Mz=0) as estimated
by Venemans et al. (2007) are systematically lower than our results by a factor of
∼ 2. This can be explained by a relatively high value for the galaxy bias parameter
(b = 3–6) that they assumed when converting between δgal and δm. More recent
observations have found that LAEs are likely to be less biased having b = 1.7+0.3−0.4 at
z ∼ 3 (e.g., Gawiser et al., 2007), similar to the value of the Lyα-like star-forming
sample used in our simulations (b ∼ 2). Therefore, our results match those obtained
by Venemans et al. (2007) if we apply the updated bias value to their results.
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We also compare our simulations with one of the best known examples of
proto-clusters at z ∼ 4, the one associated with radio galaxy TN J1338–1942 at
z = 4.11 (see Table 3.5 for references). TN J1338–1942 shows a δgal of ∼ 4
measured over a field of ∼ 20× 20 cMpc2 traced by LAEs found within a narrow-
band filter that has a width corresponding to ∆z ∼ 0.05. The approximate value
for the bias parameter of z ∼ 4 LAEs is ∼ 3–4 (Kovacˇ et al., 2007; Ouchi et al.,
2010; Jose et al., 2013). If we tune our simulations predictions to this particular
observational configuration (not shown here) and compare them with the observed
properties of TN J1338–1942, we find that it is most likely the progenitor of a
“Virgo-type” galaxy cluster. This is consistent with Venemans et al. (2007), who
estimated that Mz=0 = 6–9× 1014 M based on simple analytical arguments (e.g.,
using Equation (3.1)). Furthermore, from Figure 2.3 (upper) we find that this type
of proto-cluster is expected to first pass the cluster mass “threshold” of 1014 M
near z ∼ 1.
Despite the convenience to evaluate δgal within windows of a fixed size,
it is important to study the true extension and topology of overdensities. Based
on our results presented in Section 2.4 and 2.5, proto-clusters can be significantly
larger than assumed in some of the literature which has focused on trying to identify
only the core regions (e.g., Hatch et al., 2011b). Although regions exist that show
large overdensities on relatively small scales, these will be more prone to projection
effects or confusion with the field, and they offer less leverage in determining the
true scale of the overdensity. For example, if a z ∼ 2 overdense clump of size
∼ 1 physical Mpc is to be the progenitor of a 1015 M cluster, it is likely that this
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clump is surrounded by a significant overdensity out to& 20 comoving Mpc across
with an effective diameter of 2Re = 13.0+3.8−2.6 cMpc that encompasses about 40%
of the mass. If such a large-scale overdensity is not seen, then it is most likely the
progenitor of a much less massive cluster or group. On the other hand, extremely
large-scale structures with a scale of ∼ 50–60 comoving Mpc have also been found
at high redshift (e.g., Shimasaku et al., 2003; Matsuda et al., 2005). Although the
central parts of these structures might form massive virialized clusters by z = 0,
it is unlikely that the collapse of the entire structure will have been completed by
z = 0.
The present-day mass of the descendant cluster, Mz=0, is the main physi-
cal quantity that should be used to link proto-clusters at high redshift to clusters
at low redshift. As we have shown in this and previous chapters, many properties
such as the size, virialization redshift and overdensity correlate well with Mz=0.
Therefore, Mz=0 can serve as the principle parameter to classify and characterize
structures across the “proto-cluster zoo” summarized in Table 3.5. Galaxy forma-
tion processes and time scales are expected to systematically differ along this mass
sequence. For example, cluster red sequences are expected to form earlier in more
massive proto-clusters. Using the overdensity–cluster mass (δgal–Mz=0) relation
presented in Figures 3.5 and 3.6, as well as the calibrated volume–overdensity ap-
proach (Equation (3.2)) with a correction factor Ce ∼ 2.5, we have shown that sev-
eral, relatively safe methods exist for estimating Mz=0 with a small intrinsic scatter
(∼ 0.2 dex, Figure 3.8). While the most popular method for estimating the total
mass of proto-clusters is currently through the use of Equation (3.1), this method
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has a disadvantage in that it requires knowing not only the overdensity, but also the
total size of the volume that will have collapsed at z ∼ 0. Our first method pre-
sented in Figures 3.5 and 3.6 circumvents this complication by directly calibrating
the relation between overdensity and Mz=0 for a fixed window size. The main dis-
advantage of course is that this relation is not simulations-independent. However,
as simulations improve, so will the calibration. In the mean time, it should be possi-
ble to use the predictions to establish at least a relative mass scale for proto-clusters
found in observations.
It is important to note that a very large number of proto-clusters are needed
before we can draw any statistically significant conclusions related to cluster for-
mation from observations, due to the relatively large dispersion in, e.g., the sizes
and overdensities found even for progenitors of clusters having the same mass at
z = 0. As we have demonstrated in Section 3.4 and Figure 3.9, the uncertainty
in the redshift measurements largely diminishes the feasibility to distinguish proto-
cluster regions from random fields due to projection and smoothing. Therefore, the
ideal tracer galaxies for proto-clusters are not necessarily the most abundant galaxy
population in proto-clusters. Emission line galaxies such as LAEs are good tracers
provided that their spectroscopic redshifts are obtained. On the other hand, it is
crucial to get a better handle on the bias of galaxy tracers since the statistical and
systematic errors will directly propagate into the derived physical properties of the
proto-clusters. A unique upcoming large area Lyα survey, the Hobby-Eberly Tele-
scope Dark Energy Experiment (HETDEX, PI: G. Hill), may generate the first large
sample of hundreds to thousands of proto-clusters at 1.9 < z < 3.5. HETDEX is
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going to perform a blind integral-field unit spectroscopic survey using the upgraded
9.2m Hobby-Eberly Telescope to probe a ∼10 Gpc3 volume. Likewise, the Hy-
per Suprime-Cam and the Prime Focus Spectrograph on the Subaru Telescope will
perform deep, large area imaging and spectroscopic surveys of LBGs and LAEs
allowing the discovery of a large number of proto-clusters and associated galaxies.
Meanwhile, the large volumes and precise redshift information of these surveys will
largely improve the constraint on galaxy bias. Based on the framework presented
in this and previous chapters, we will be able to construct the first large statisti-
cal samples of proto-clusters from such surveys. Then we will be able to estimate
their z = 0 masses and construct bins corresponding to the progenitors of differ-
ent present-day mass clusters. This will finally allow us to systematically compare
the properties of clusters and their galaxies at different redshifts and perform a full
census of cluster evolution during the “cosmic noon”.
3.6 Summary
In order to pave the way for large, statistical studies of galaxy cluster for-
mation that will be possible with upcoming surveys, in Chapter 2 and 3 we have
data-mined the ΛCDM MR dark matter and semi-analytic simulations to study the
progenitors of 2832 galaxy clusters (Mz=0 > 1014 M h−1) and their galaxy pop-
ulations across cosmic history (0 < z < 5). In Chapter 2 and 3 of this thesis, we
present, for the first time, the bulk properties such as the evolution in total mass,
size, and overdensity of proto-cluster regions as a function of, e.g., redshift and
present-day cluster mass. Our main findings are as follows.
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1. A proto-cluster can be defined as a large-scale structure which will evolve
into a galaxy cluster by z = 0, and its z = 0 mass (Mz=0) is closely related to
its main properties at all redshifts (e.g., size, dark matter and galaxy overdensity,
virialization redshift). Before the cluster assembly redshift (defined as the redshift
at which the proto-cluster first contains a halo of 1014 M), the structure is not
virialized on a cluster-scale. The basic observational features of the proto-cluster
are (1) one or a few massive halos and galaxies in the core region of the overdensity,
and, more importantly; (2) a significant overdensity in mass, halos, and galaxies that
extends out to very large comoving scales (many Mpc) that can already be identified
in the large-scale structure as early as z ∼ 5.
2. In order to assess when proto-clusters first became clusters, we track the
evolution of each cluster’s most massive progenitor halo over 13 Gyr (Figure 2.3,
upper). If we follow the convention and define a galaxy cluster as a bound object
with a mass that exceeds 1014 M, different (proto-)clusters first pass this threshold
in the redshift range from z = 0.2 to z = 2.3 depending on their final mass. The
typical cluster with a mass similar to that of the Virgo cluster passes this threshold
at z ∼ 1. However, the most massive clusters (Coma-type clusters or more massive)
reach the threshold mass as early as z ≈ 2.3, indicating that massive, and perhaps
X-ray luminous, structures already exist at these early times.
3. We define an effective radiusRe (Equation (2.4)) that encapsulates∼65%
(40%) of the mass in halos (total mass) of a proto-cluster. The proto-cluster effec-
tive diameter 2Re is in the range ∼ 5–22 Mpc at 2 < z < 5 (Figure 2.3, lower).
Progenitors of more massive clusters are larger than those of less massive clusters
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at all redshifts, while the progenitors regions of all clusters were larger at higher
redshifts.
4. We quantify the overdensities associated with proto-clusters in terms of
the dark matter, dark matter halos, and galaxies as a function of Mz=0, redshift, se-
lection window size, and various halo and galaxy selection criteria (Figures 2.5–2.8
and 3.1–3.2). By comparing with random regions, we derive the conditional proba-
bility for an observed structure being a true proto-cluster given a set of observables.
Our predictions based on large-scale galaxy overdensities are particularly useful, as
we lack the means of directly measuring dark matter mass at high redshifts.
5. We present two estimators for deriving Mz=0 based on the correlation
between Mz=0 and the observed galaxy overdensity (Section 3.3). We show that
the mass of present-day clusters can be “predicted” from the observed galaxy over-
density at high redshift with an intrinsic scatter of ∼ 0.2 dex in Mz=0 (Figures
3.5–3.8). This is promising for future studies as it will allow us to study the evolu-
tion of clusters all the way from the proto-cluster phase to their present-day state,
properly binned in redshift and (present-day) cluster mass.
6. Projection effects arise when the data allows one to only measure galaxy
surface overdensities instead of volume overdensities. Although this has a minor
effect on the significance of the overdensities measured from narrow-band-selected
or spectroscopic samples, it has a major effect on our ability to identify and correctly
classify proto-clusters using much cruder selections based on (broad-band) color
selection (see Figure 3.9).
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7. We present and discuss a wide range of proto-clusters (and candidates
thereof) selected from the literature (see Table 3.5). In general, these structures with
galaxy overdensities of order of a few measured over fields 10–20 Mpc (comoving)
in size, are very similar to those predicted by our simulations, indicating that they
may indeed represent the earliest stages of cluster formation.
8. Our work demonstrates the feasibility of extending current studies of
cluster evolution at low redshift into the epoch at z & 2 where the clusters and their
galaxies were actually forming. The first large statistical studies of such systems
can be undertaken with data from upcoming surveys such as HETDEX and Subaru
Hyper Suprime-Cam, and later Subaru Prime Focus Spectrograph and the Wide
Field Infrared Survey Telescope (WFIRST) satellite, which will generate very large
maps of the large-scale structure in three-dimensions based on LAEs and LBGs.
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Chapter 4
Discovery of a Large Number of Candidate
Proto-Clusters in COSMOS using Photometric
Redshifts1
To demonstrate the feasibility of studying the epoch of massive galaxy clus-
ter formation in a more systematic manner using current and future galaxy sur-
veys, in this chapter we report the discovery of a large sample of proto-cluster
candidates in the 1.62 deg2 COSMOS/UltraVISTA field traced by optical/infrared
selected galaxies using photometric redshifts. By comparing properly smoothed
three-dimensional galaxy density maps of the observations and a set of matched
simulations incorporating the dominant observational effects (galaxy selection and
photometric redshift uncertainties), we first confirm that the observed∼ 15 comov-
ing Mpc-scale galaxy clustering is consistent with ΛCDM models. Using further
the relation between high-z overdensity and the present day cluster mass calibrated
in these matched simulations, we found 36 candidate structures at 1.6 < z < 3.1,
showing overdensities consistent with the progenitors of Mz=0 ∼ 1015 M clus-
ters. Taking into account the significant upward scattering of lower mass structures,
the probabilities for the candidates to have at least Mz=0 ∼ 1014 M are ∼ 70%.
1This chapter has been published as Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2014, ApJ,
782, L3
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For each structure, about 15%–40% of photometric galaxy candidates are expected
to be true proto-cluster members that will merge into a cluster-scale halo by z = 0.
With solely photometric redshifts, we successfully rediscover two spectroscopically
confirmed structures in this field, suggesting that our algorithm is robust. This work
generates a large sample of uniformly selected proto-cluster candidates, providing
rich targets for spectroscopic follow-up and subsequent studies of cluster forma-
tion. Meanwhile, it demonstrates the potential for probing early cluster formation
with upcoming redshift surveys such as the Hobby–Eberly Telescope Dark Energy
Experiment and the Subaru Prime Focus Spectrograph survey.
4.1 Toward a Statistical Sample of Galaxy Proto-clusters
Galaxy clusters are extreme products of structure formation. They are ideal
laboratories to study galaxy assembly, quenching, and sub/super-halo galaxy envi-
ronments. It has become clear that to leverage a complete picture of cluster forma-
tion, we also need to find and study their progenitors at high redshifts that were still
forming. In the past decade, a limited number of observations of “proto-clusters”
revealed some intriguing properties such as sped-up galaxy evolution (Steidel et al.,
2005), abnormal metallicities (Kulas et al., 2013), and the enhancement of star-
forming galaxies (Overzier et al., 2008; Hayashi et al., 2012), extreme starbursts
(Capak et al., 2011), extended Lyα blobs (Matsuda et al., 2012), and active galactic
nuclei (AGNs) (Lehmer et al., 2009; Martini et al., 2013). However, exactly how
these clues are related to the formation of clusters as a whole is not yet understood.
Due to the low number density of cluster progenitors and the difficulties in
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identifying them, only∼ 10 proto-clusters have been discovered in “random” fields
(e.g., Steidel et al., 1998, 2005; Ouchi et al., 2005b; Toshikawa et al., 2012). Highly
biased tracers like radio galaxies and quasars have been used to narrow down the
search volume, generating another ∼ 10 structures (e.g., Pentericci et al., 2000;
Kurk et al., 2000, 2004b; Venemans et al., 2002, 2004, 2007; Galametz et al., 2010;
Trainor & Steidel, 2012). However, the number of cluster progenitors not traced
by radio galaxies should far exceed the number that is, based on AGN duty cycle
arguments (West, 1994). A compilation of structures observed prior to 2013 can be
found in Chapter 3.
In Chapter 2 and 3 we presented the physical properties and observational
signatures of proto-clusters predicted in ΛCDM models using a large set of simu-
lated clusters drawn from the Millennium Run simulations inWMAP1 andWMAP7
cosmologies. The progenitor regions of galaxy clusters can already be identified at
very high redshifts given their significant large-scale (few tens of comoving Mpc)
density contrasts compared to the field. Systematic searches in future large galaxy
redshift surveys are thus very promising.
Although suffering from significant redshift uncertainties, the current gen-
eration of deep and wide photometric surveys may already provide the first large
and relatively unbiased sample of cluster progenitors at z & 2. In this Chapter, we
extend our methods from Chapter 2 and 3 to the regime of moderate redshift preci-
sion to search for cluster progenitors in the 1.62 deg2 COSMOS/UltraVISTA survey
using photometric redshifts. The COSMOS field is being targeted by a great num-
ber of surveys, many of which are aimed at studying large-scale structure at high
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redshift (Silverman et al., 2009; Kovacˇ et al., 2010; Diener et al., 2013; Kashino
et al., 2013). Focusing on the correlation between galaxy properties and their en-
vironments, Scoville et al. (2013) have generated a set of galaxy density maps of
this field with dynamically varying scales. Specifically for the purpose of searching
for cluster progenitors, we generate an alternative set of large-scale galaxy density
maps designed to maximize the contrast between cluster progenitors and the field.
By comparing the data with a set of matched simulated fields incorporating galaxy
selection effects and redshift uncertainties, we have identified a large sample of
candidate high-redshift cluster progenitors. Our technique recovers two previously
known “proto-clusters” (Spitler et al., 2012; Chiang et al., 2015, Chapter 6 in this
thesis), suggesting that the algorithm is robust. We present the positions and red-
shifts of the candidates, together with estimates of their present day descendant
masses. We adopt a cosmology [h, Ωm, ΩΛ, ns, σ8] = [0.73, 0.25, 0.75, 1, 0.9], but
note that our results are relatively insensitive to the assumed values of σ8 and H0
(see Chapter 2 and 3).
4.2 The Data and Cluster Finding Technique
The Muzzin et al. (2013) galaxy catalog covers 1.62 deg2 of the COS-
MOS/UltraVISTA field with 30 photometric bands from ultraviolet to infrared. The
catalog is complete (90%) to Ks,AB = 23.4 mag. Photometric redshifts (zphot)
were computed using the code of Brammer et al. (2008). Ilbert et al. (2013) com-
piled an alternative COSMOS catalog (not used directly in this Chapter). By com-
parison mainly with the zCOSMOS-bright and faint spectroscopy (Lilly et al., 2007,
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2009, S. J. Lilly et al., in preparation), Scoville et al. (2013) present the estimated
zphot uncertainty of the later catalog as a function of redshift and Ks magnitude,
where we obtain an estimated average zphot uncertainty of σz = 0.025(1+z) for the
galaxies we will be using (Ks < 23.4; 1.5 . z . 3). In our analysis we will assume
that this σz is the typical uncertainty in the distribution of the galaxies in redshift
space. We will show in Section 6.3 that this value of σz indeed gives consistent
overdensity distributions when comparing the observations with our simulation.
Cluster progenitors manifest themselves by having high galaxy overdensi-
ties defined as δgal(x) ≡ (ngal(x) − 〈ngal〉)/〈ngal〉, where ngal(x) is the local galaxy
number density in a designated window (specified later) and 〈ngal〉 is the mean
galaxy number density over the whole field. To calculate δgal(x), we use galaxies in
the Muzzin et al. (2013) catalog with Ks,AB < 23.4. A small fraction (∼ 4%) of
the galaxies with a broad and/or multi-modal zphot distribution is excluded, but we
note that our final results are nearly the same with or without this quality cut.
With these galaxies, we generate a three-dimensional overdensity map of
the COSMOS field on a regularly spaced grid with a spacing of 1 arcmin on the sky
and 0.01 in redshift. For each grid point, we calculate δgal in a cylindrical window
with a radius r = 5 arcmin (∼ 15 comoving Mpc in diameter at z ∼ 2) and a
redshift depth full width of lz = σz = 0.025(1 + z). This window is designed to
maximize the contrast between cluster progenitors and field based on the projected
size of proto-clusters (∼ 10–30 comoving Mpc at z ∼ 2) while not over-resolving
68
the galaxy distribution in redshift due to the zphot uncertainties.2
To quantify the relation between δgal(z), the overdensity, andMz=0, the clus-
ter mass at z = 0, we use a set of simulated observations matched to the COSMOS
data set. We start with the 24 1.4×1.4 deg2 lightcones from Henriques et al. (2012)
that are based on the Millennium Run simulations (Springel et al., 2005) and the
Guo et al. (2011) semi-analytic model with the Bruzual & Charlot (2003) stellar
population synthesis models. To match our selection of galaxies in COSMOS, we
set the same Ks magnitude limit. Next, we implement the zphot errors in a set of
Monte Carlo realizations (20 realizations for each of the 24 lightcones). We shuffle
the redshifts (which include the line-of-sight peculiar velocity component) of the
galaxies in the simulation according to a Gaussian distribution with a σz similar
to that of the real COSMOS sample. Since the simulated catalog contains about
twice as many galaxies as the real catalog for Ks < 23.4, we further take out a
random subset of the simulated galaxies in these realizations to recreate the same
level of Poisson counting errors. Next, we generate δgal maps for each realization
using the same procedure used for the real data. Because we know the locations of
all clusters in the simulations, we can now calibrate the Mz=0− δgal(z) relation. We
extract δgal distributions for the whole volume and for clusters in three mass bins
(“Fornax-” type: Mz=0 = 1–3 × 1014 M, “Virgo-” type: Mz=0 = 3–10 × 1014
M and “Coma-” type: Mz=0 > 1015 M), allowing us to characterize regions in
the COSMOS field according to their overdensities.
2Varying the lz by a factor of < 2 gives different 1 + δgal by < 10% and our final interpretation
of overdense regions stays nearly the same if the same lz is used to calculate δgal in the simulation.
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4.3 The Large-scale Density Field in COSMOS/UltraVISTA
Figure 4.1 shows, with filled histograms (yellow), the probability distribu-
tions of δgal for COSMOS at three redshifts (z = 1.8, 2.3, and 2.8), with δgal defined
as in Section 6.2. Only data in the central 1.2 × 1.0 deg2 region of the field are
used to avoid the incompleteness at the edges. The shape of the δgal distribution
is close to Gaussian with a high δgal tail. Even with the large smoothing scale of
∼ 15 comoving Mpc and moderate redshift projections, the high tails of δgal (thus,
the departure from Gaussian distribution) are clearly seen, suggesting that structure
growth at this scale has evolved toward the nonlinear regime expected for forming
galaxy clusters.
To compare the real data with our matched simulated observations, we over-
plot in Figure 4.1 the δgal distributions of the simulation (whole volume, including
fields and clusters). The δgal distributions of the observation (yellow) and simulation
(black) match very well,3 indicating that the overall large-scale galaxy clustering
probed by the COSMOS data is consistent with our ΛCDM models. This also sug-
gests that our matched simulation re-creates the main observational effects and bias
successfully. The δgal distribution of cluster progenitors in the simulation are shown
as unfilled histograms in Figure 4.1 for three present day cluster mass bins. The
mean δgal for each mass bin is ∼ 0.25, ∼ 0.5, and ∼ 0.8–1.0 for “Fornax”, “Virgo”,
and “Coma” proto-clusters respectively. The center of the cluster progenitors in the
simulation is defined by the Ks band flux weighted average positions of the mem-
3The differences between the observed and simulated histograms give a reduced χ2 of . 1 for
z ∼ 1.8 and 2.3 and of 1.8 for z ∼ 2.8.
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Figure 4.1: Probability distribution function (PDF) of galaxy overdensity for the
COSMOS data (filled) and simulated observation (black) at three redshift ranges
extracted from the whole survey/simulation volumes containing voids, fields, and
proto-clusters. The PDFs for the proto-cluster regions in the simulation are shown
in blue (“Fornax”), green (“Virgo”), and red (“Coma”) for three cluster mass bins,
respectively. Thick ticks indicate the mean for each simulated proto-cluster PDF.
The δgal is calculated in a cylindrical window with r = 5′ and 0.025(1 + z) depth in
redshift.
ber galaxies. In general, the progenitors of higher mass clusters show higher δgal
but there is a certain degree of overlap due mainly to the redshift uncertainties and
sub-dominant effects such as the intrinsic scatters of the Mz=0−δgal(z) relation and
Poisson errors.
To further examine how well our matched simulation fits the data, we show
zoom-in regions of the high δgal tails in Figure 4.1. The high δgal tails of the sim-
ulation and observation match remarkably well, especially for the z ∼ 1.8 and 2.3
bins. This indicates that the simulation is a good approximation of the observation
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and that our interpretation of the observed overdensities will be nearly unbiased.4
We present, in Figure 4.2, the δgal maps for a selection of redshift slices in
the COSMOS field. Each slice has a redshift width of 0.025(1 + z) and shows
a variety of cosmic structures from voids (blue), filaments (green), to overdense
peaks (red). The regions in red have a δgal well in the high tail regime of the δgal
distribution (Figure 4.1) where we expect to find cluster progenitors. We note that
our maps are consistent with Scoville et al. (2013) but differ in the fact that we tend
to preserve the large proto-cluster scale overdensities instead of breaking them up
into multiple sub-structures.
4.4 Progenitors of Galaxy Clusters in COSMOS/UltraVISTA
By utilizing the fact that progenitors of structures with higher present day
mass will, on average, have a higher δgal (Figure 4.1), we can select proto-clusters in
the COSMOS/UltraVISTA field by selecting regions with the highest δgal. However,
not all regions with a high δgal will be cluster progenitors due to the significant
overlap of the δgal distributions between the field and clusters. Also, lower mass
structures are much more abundant, which contaminate the high δgal regions. This is
difficult to see from Figure 4.1 where the δgal distributions are normalized. We have
quantified this effect in Figure 4.3, where we derive the probabilities for a region
with a given δgal to be non-protocluster (light purple) or a proto-cluster in any of
4At z ∼ 2.8, the simulation shows slightly stronger clustering at the high δgal end, indicating
slightly larger zphot uncertainties for the real data at higher redshifts. This will give us slightly more
conservative results (e.g., lower probability to be a cluster progenitor for a given observed δgal) when
interpreting observed structures at z & 2.8.
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Figure 4.2: δgal maps for a selection of the most prominent proto-cluster candidates
in the COSMOS/UltraVISTA field. Galaxies in the 0.025(1 + z) redshift depth
are marked by dots with sizes scaled by Ks band flux. The color is scaled to turn
red for regions more overdense than the average δgal of “Coma-type” proto-clusters
(Mz=0 > 1015 M) found in the simulation (see Figure 4.1). The solid and dashed
circles indicate the positions of proto-cluster candidates with δgal peak at the red-
shifts shown and adjacent redshifts, respectively.
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Figure 4.3: Volume fractions (probabilities) for a region with a given galaxy over-
density to be non-protocluster (light purple) and proto-cluster with three mass
ranges (dark purple) at three redshift ranges based on the simulation.
the three mass ranges (dark purple). This analysis was performed by calculating
δgal at a large number of random positions in the simulated volume, which is ∼ 24
times larger than the COSMOS field. Any region with > 15% of the galaxies in
the cylindrical window which will evolve to a present day cluster was considered
to be a “proto-cluster region”.5 Figure 4.3 quantifies the δgal cut required to reach a
certain confidence level for cluster progenitor identification. We use Ppc and PComa
to specify the probabilities for a structure to be the progenitor of at least a genuine
cluster (Mz=0 > 1014 M) and of a “Coma-” like proto-cluster (Mz=0 > 1015
M), respectively.
We can now select proto-cluster candidates by the following criteria: (1)
δgal > 〈δgal, Coma〉, where 〈δgal, Coma〉 is the mean overdensity of “Coma” proto-
5This robustly recovers all proto-clusters in the simulation with the level of zphot errors im-
plemented, while it never gives a false positive (except for intrinsically ambiguous cluster-field
boundaries). Although non-protocluster regions may be contaminated by cluster galaxies due to the
redshift uncertainties, this never exceeds a few percent.
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clusters, (2) Ppc & 0.6, and (3) visual inspections, requiring that the structures
have a fairly smooth overdensity profile on the sky and along the redshift axis,
and filament-like structures are excluded. The structures shown in Figure 4.2 are
among the most robust candidates. In total, we obtain 36 proto-cluster candidates
in the central 1.2 × 1.0 deg2 of the COSMOS/UltraVISTA field at 1.6 < z < 3.1.
The candidate list and the derived probabilities are summarized in Table 4.1. Their
estimated positions are based on the local maximums of the smoothed density field,
which are accurate to σR.A. ∼ σDec. ∼ 1–3 arcmin and σz ∼ 0.02–0.07. These
structures typically have Ppc ∼ 70% and PComa ∼ 10%. These probabilities were
evaluated in exactly the same way as for Figure 4.3, but at the redshift of each
individual structure.
As shown in Figure 4.2, these candidates show strong galaxy clustering at
the scales of ∼ 10–20 arcmin (∼ 15–30 comoving Mpc). We do not resolve the
extension along the line of sight due to the zphot errors. In general, structures with
redshift separated by  σz = 0.025(1 + z) are expected to be physically uncor-
related, which should be the case for the candidates listed. However, line-of-sight
filaments cannot be completely excluded (e.g., see PC21). Given the zphot uncertain-
ties, a significant fraction of the tracer galaxies of these proto-cluster candidates are
likely to be fore- and background interlopers. By examining the regions selected by
similar criteria in our matched simulation, we found that ∼ 15%–40% of the pho-
tometric redshift galaxy candidates are expected to be true proto-cluster members
that will merge into a cluster-scale halo by z = 0.
Although our technique was specifically designed to find cluster progenitors
79
in the presence of appreciable errors in photometric redshift, until we have spectro-
scopic confirmation we will consider the targets (Table 4.1) as (strong) candidates of
forming clusters. However, two of our candidates have already been independently
confirmed by other surveys, suggesting that our finder is robust. The first candidate,
PC07 (z ∼ 2.07), coincides with a structure discovered by Spitler et al. (2012) in
a deep medium-band photometric survey. They found a large number of galaxies
in three adjacent clumps of 5 comoving Mpc (diameter), for which spectroscopic
follow-up gave a more precise redshift of 2.09. They identified this structure as the
progenitor region of a massive cluster. The second candidate, PC19 (z ∼ 2.45),
coincides with a large overdensity of Lyα emitters (LAEs) discovered as part of the
HETDEX Pilot Survey (HPS; Adams et al., 2011). This particular structure con-
tains nine bright LAEs in a concentrated peak at z ∼ 2.44, and is also consistent
with the properties expected for a forming, massive cluster (Chapter 6).
4.5 Discussion and Summary
Based on Figure 4.3, we can estimate the purity of our cluster progenitor
finding algorithm by computing the average probability for a structure to be a proto-
cluster. For δgal > 〈δgal, Coma〉, we get a level of purity ∼ 70%. This purity can
be found in another way from our sample of 36 proto-cluster candidates listed in
Table 4.1. The sum of all Ppc and PComa is ∼ 26 and ∼ 3, respectively, which is the
number of true cluster progenitors (“Coma-” type progenitors) expected if a follow-
up spectroscopic campaign is performed. The estimated purity from the sample is
again ∼ 26/36 = 〈Ppc〉 ∼ 70%.
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Table 4.1: Proto-cluster Candidates in COSMOS
ID z R.A. Dec. δgala Ppcb PComac z2ndd
1 1.62 149.593 1.89 1.83+0.32−0.29 0.66 0.05
2 1.73 150.093 2.207 1.23+0.29−0.25 0.59 0.08 1.78
3 1.74 150.343 2.407 1.1+0.27−0.24 0.54 0.06
4 1.87 149.893 1.907 1.27+0.31−0.27 0.66 0.12
5 1.94 150.043 2.174 1.25+0.32−0.28 0.66 0.12 1.90
6 2.07 149.709 2.007 1.59+0.40−0.34 0.82 0.15
7 2.07 150.126 2.24 1.37+0.39−0.33 0.73 0.13
e
8 2.20 149.609 1.774 1.37+0.44−0.37 0.74 0.11
9 2.21 149.843 1.807 1.34+0.45−0.38 0.72 0.1
10 2.23 150.326 1.89 1.33+0.45−0.38 0.71 0.09 2.27
11 2.24 149.676 2.007 1.95+0.50−0.43 0.85 0.18
12 2.26 149.859 1.94 1.49+0.47−0.39 0.75 0.1
13 2.36 150.693 2.19 1.24+0.47−0.39 0.66 0.06
14 2.37 149.643 1.974 1.49+0.50−0.42 0.72 0.07 2.41
15 2.38 150.209 1.707 1.17+0.46−0.38 0.63 0.05 2.42
16 2.39 150.476 2.657 1.25+0.48−0.39 0.65 0.05
17 2.42 149.809 2.124 1.91+0.52−0.44 0.79 0.1
18 2.44 149.643 2.674 1.18+0.46−0.38 0.63 0.04
19 2.45 150.076 2.274 1.34+0.49−0.40 0.67 0.05
f
20 2.48 149.576 1.957 2.08+0.54−0.46 0.81 0.11 2.53
a Galaxy overdensity calculated in a cylindrical window with r = 5′ and a redshift depth
of 0.025(1 + z).
b Probability of the structure being a proto-cluster with Mz=0 > 1014 M given its δgal
and redshift. Ppc corresponds to the sum of the probabilities of all three cluster mass bins
in Figure 4.3.
c Probability of the structure being a “Coma-type” proto-cluster with Mz=0 > 1015 M
given its δgal and redshift.
d Redshift of its secondary density peak if present.
e Z-FOURGE proto-cluster (z = 2.09; Spitler et al., 2012).
f HPS proto-cluster (Chiang et al., 2015, Chapter 6 in this thesis).
g The signal might be from a line-of-sight filament or multiple structures.
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Table 5.1, cont.
ID z R.A. Dec. δgala Ppcb PComac z2ndd
21 2.53 150.293 2.324 1.86+0.52−0.44 0.78 0.1
2.60
2.47
g
22 2.61 149.509 1.907 1.56+0.52−0.43 0.71 0.08
23 2.62 150.359 2.674 1.66+0.53−0.44 0.74 0.09
24 2.64 150.576 2.674 1.36+0.50−0.41 0.67 0.06
25 2.68 150.009 2.207 1.2+0.50−0.41 0.63 0.05
26 2.69 150.343 2.557 1.6+0.54−0.45 0.71 0.08
27 2.72 149.626 2.324 1.53+0.55−0.45 0.7 0.07
28 2.74 149.526 1.907 2.22+0.63−0.53 0.82 0.14
29 2.74 150.309 2.507 1.82+0.59−0.48 0.76 0.1 2.77
30 2.77 150.009 1.974 1.35+0.56−0.45 0.66 0.05
31 2.81 150.343 2.64 1.93+0.65−0.53 0.77 0.1 2.83
32 3.01 149.943 1.774 2.37+0.99−0.77 0.79 0.11
33 3.02 150.276 2.324 2.5+1.03−0.79 0.81 0.11
34 3.04 149.709 1.907 2.28+1.04−0.79 0.78 0.1
35 3.04 149.909 2.007 2.28+1.04−0.79 0.78 0.1
36 3.08 150.293 2.507 3.1+1.25−0.96 0.85 0.13
We can also estimate the completeness from Figure 4.1 by calculating the
probability for a cluster progenitor to have δgal above the threshold we set (δgal >
〈δgal, Coma〉). We then get a level of 9%, 7%, 17%, and 50% completeness for all clus-
ter progenitors, “Fornax-”, “Virgo-”, and “Coma-” type proto-clusters, respectively.
These numbers are consistent with our sample of 36 candidates and 26 (3) true
proto-clusters (“proto-Comas”): the total comoving volume probed is ∼ 2.2 × 107
Mpc3 for the central 1.2× 1.0 deg2 region of the COSMOS field at 1.6 < z < 3.1.
Scaled from the cluster abundance in the Millennium Simulation, we expect a total
∼ 290 proto-clusters in this volume, which can be further broken down to ∼ 240
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“Fornax-”, ∼ 55 “Virgo-”, and ∼ 5 “Coma-” types, respectively. The number of 26
(3) true proto-clusters (“proto-Coma”) that we found are in good agreement with
these numbers when we take into account the completeness. There is a strong trade-
off between the purity and completeness. In our case, it is mainly the photometric
redshifts that blend the δgal distributions.
A closer look at Figure 4.2 and Table 4.1 shows that there appear to be mul-
tiple structures in the south-west corner of the field at different redshifts. However,
they are separated by underdense regions along the line of sight with separations of
 100 comoving Mpc, suggesting that they are physically uncorrelated. By exam-
ining the existing catalog of X-ray structures in this field (Finoguenov et al., 2007),
we have excluded the possibility that lensing magnification by nearby clusters is
responsible for boosting the high-redshift number counts (i.e., Ford et al., 2014).
We note that our analysis of the ∼ 15 comoving Mpc-scale clustering is
solely designed for identifying cluster progenitor structures as a whole and does
not necessarily imply the presence of any specific environmental impacts on such
scales. However, future studies of the interplay between galaxy properties and en-
vironment will benefit from having a large systematic sample of cluster progenitors
such as the one presented here.
This work successfully generates a large sample of strong candidates of
cluster progenitors in COSMOS, providing a rich set of targets suitable for spectro-
scopic follow-up that will allow detailed studies of their galaxy properties. Many of
our candidates in the central regions of the field may soon be confirmed by spectro-
scopic redshifts from the zCOSMOS-faint survey (S. J. Lilly et al., in preparation),
83
or with VLT/KMOS observations planned in the COSMOS field. It is also possi-
ble that these dense proto-cluster regions will show up in planned studies that will
use background quasars and bright Lyman break galaxies to perform Lyα forest
tomographic mapping (Lee et al., 2014a).
Our methods applied to COSMOS can be tuned to search for cluster progen-
itors with the upcoming spectroscopic/photometric redshift surveys such as HET-
DEX, the Dark Energy Survey, and the Subaru Hyper Suprime-Cam and Prime
Focus Spectrograph surveys. The much larger volumes and various cosmic epochs
probed by these surveys will open up a statistical and multi-dimensional (e.g., mass
and redshift) window that will allow a deeper understanding of the (early) formation
of galaxies, gas, and dark matter in the most extreme cosmic structures.
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Chapter 5
Mock Lyα Emitter Catalogs for Large-Scale
Structure Studies1
5.1 Large-scale Structure at High Redshift
The large-scale structure of the Universe contains rich information of both
cosmology and galaxy formation: globally, the evolution of cosmic structures is de-
termined by the characteristics of primordial density fluctuations, the mass-energy
content of the Universe, and the nature of gravity; locally, the overall density, topol-
ogy, and dynamics of the structures govern the accretion, merging, and interaction
histories of the galaxies that live within it. Therefore, measuring and character-
izing large-scale structure has become one of the most important tasks of modern
astronomy.
Over the past two decades, a number of large surveys have mapped out the
spatial distribution of galaxies in a vast volume in the nearby Universe (e.g., Falco
et al., 1999; York et al., 2000; Colless et al., 2001; Liske et al., 2003; Jones et al.,
2009; Baldry et al., 2010). With a much narrower field-of-view, lower volume sam-
pling rate and completeness, deeper surveys have also started to deliver large-scale
cosmic maps at z > 0.5 (Davis et al., 2003; Kochanek et al., 2012; Le Fèvre et al.,
1Part of the content of this chapter has been published in Chiang, Y.-K., Overzier, R. A., Geb-
hardt, K., et al. 2015, ApJ, 808, 37
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2005; Lilly et al., 2007; Le Fèvre et al., 2015). To separate structures overlap-
ping along the line-of-sight, spectroscopic redshifts need to be obtained via narrow
features in galaxy spectra. In addition to cosmic dimming, redshift measurements
become much more difficult for galaxies at z > 1.4 when rich spectral features in
the rest-frame optical are shifted into the near-infrared. Due to such technical chal-
lenges, the study of the large-scale structure at high redshift is still in its infancy,
while it is arguably an important ingredient to understand the evolution of galaxies
in the peak epoch of cosmic star-formation at 1 . z . 4.
One way in which a high mapping efficiency can be achieved is to survey
galaxies with strong emission lines, since once identified, their redshifts are ob-
tained with high precision. Lyα emission, particularly, can be strong and if present,
can be observed for galaxies in a wide range of redshift at 2 . z . 5 using ground-
based optical facilities. While only a fraction of star-forming galaxies show Lyα
in emission, galaxies less massive than typical continuum-selected galaxies can be
located, resulting in a fairly high volume number density of ∼ 10−4–10−3 Mpc−3.
Therefore, wide field surveys of Lyα emitters (LAE) have great potential for pro-
viding a leap in the number statistics of high-redshift large-scale structure studies.
As we will describe in detail in Chapter 6 and 7, the HETDEX collaboration
is pioneering a technique of wide field integral field spectroscopy. This technique
can provide efficient mapping of a large volume of the distant Universe via locating
Lyα emitting galaxies with no target pre-selection, therefore achieving a homoge-
neous galaxy selection function in three-dimensional space. As a proof of concept,
the HETDEX Pilot Survey (HPS) has mapped a total of 169 arcmin2 area in four
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sub-fields for bright LAEs at 1.9 < z < 3.8. A large-scale galaxy concentration
was found at z = 2.44 in the largest contiguous subfield of the HPS near the center
of the COSMOS field (hereafter HPS-COSMOS). To interpret the HPS-COSMOS
structure in the context of cluster formation, we need to develop a reliable tool to
link the structure traced by LAEs and their underlying dark matter evolution. Here
we present a Lyα modeling technique built on top of semi-analytical model galax-
ies, and generate a suite of mock LAE catalogs with realistic clustering properties.
Although here we will focus on the application of proto-cluster characterization,
in principle a wide range of topics related to large-scale structure and cosmology
could benefit from our Lyα model.
In Section 5.2, we present the LAE modeling for large-scale structure stud-
ies and construct a set of bias and mass-matched mock LAE catalogs. We then
compare several key physical properties of LAEs to their underlying population
of star-forming galaxies in Section 5.3 in order to assess the fidelity of our mock
catalog.
5.2 Bias and Mass-Matched Catalogs of Mock LAE
ΛCDM cosmologicalN -body simulations and semi-analytic models (SAM)
of galaxy formation provide a framework to model the complex hierarchical growth
of dark matter and galaxies in three-dimensions on the relevant scales, and link the
evolution of large-scale structures across cosmic time.
To characterize the LAE overdensity in the HPS at z = 2.44 (see Chapter
6) and facilitate high-redshift large-scale structure studies, we generate a set of
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mock catalogs of LAEs at z ∼ 2.4 with realistic clustering properties by post-
processing the SAM of Guo et al. (2013) on top of a new run of the Millennium Run
(MR) cosmological dark matter N-body simulation (Springel et al., 2005) with the
WMAP7 cosmology (Komatsu et al., 2011). The Guo et al. (2013) model improves
upon the extensively tested models of De Lucia & Blaizot (2007) and Guo et al.
(2011). Various galaxy properties are reasonably reproduced, and we particularly
rely on its agreement with observations for galaxy clustering on large-scales in the
“two-halo” regime (Guo & White, 2009; Guo et al., 2011, 2013; Kang et al., 2012;
Marulli et al., 2013; Chiang et al., 2014; Kang, 2014; Pujol & Gaztañaga, 2014;
Skibba et al., 2014). The galaxy stellar mass is 95% and 60% complete to 108 M
and 107 M,2 sufficient for the LAE modeling here.
We aim to match simultaneously the LAE number density, the galaxy bias,
and the stellar mass distribution to the observed sample. Correlation length analyses
suggest that high-redshift LAEs are less clustered compared to broad-band selected
Lyman-break galaxies (of a typical limiting magnitude of K < 23), with an overall
linear bias of 2.0±0.6 at 2 . z . 3 (Gawiser et al., 2007; Ouchi et al., 2008; Guaita
et al., 2010; Ouchi et al., 2010; Bielby et al., 2016), and 2.5–4 at z ∼ 4 (Kovacˇ
et al., 2007; Ouchi et al., 2008, 2010). Galaxy bias is known to correlate strongly
with stellar mass (or color/bolometric luminosity, see Coil, 2013, and references
therein) but very weakly with Lyα luminosity (Orsi et al., 2008). Therefore the
criterion to match the distribution in stellar mass provides constraints on not only
2The mass completeness is evaluated by comparing with the same galaxy model applied to the
Millennium-II Simulation (Boylan-Kolchin et al., 2009) with a higher mass resolution.
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the effective galaxy bias of the entire population but also the scatter of the bias (i.e.,
cosmic variance of the galaxy bias). The effect of the latter cannot be neglected
in the case of localized statistics in real space, which usually suffer from having a
relatively small number of objects. Conversely, the effect is less important in global
statistics of correlation function and power spectrum. A full theoretical modeling
of Lyα radiative processes and a detailed match in Lyα luminosity function and EW
distribution are not required since these have negligible impact on the gravitational
clustering of LAEs once the criteria in bias and stellar mass are met.
To test the effects of clustering modeling on the final interpretation of the
observed structure, we generate a suite of mock catalogs with four different galaxy
bias and stellar mass distributions varied continuously to bracket that estimated for
the observed LAEs. For each mock catalog, we artificially elevate the star formation
rate (SFR) of SAM galaxies, such that the same observational Lyα detection limit
propagates to selecting model galaxies with different stellar masses, thus different
clustering strengths. The connection between the SFRs and galaxy clustering can
be broken down to two correlations—the SFR versus M∗ correlation, i.e., the “star-
forming main sequence” (e.g., Reddy et al., 2012; Rodighiero et al., 2014), and
the M∗ versus galaxy bias correlation (Coil, 2013). This treatment acknowledges
the uncertainties and bypasses the issue that at z ∼ 2, most of the state-of-the-art
cosmological simulations (both hydrodynamical and SAM, including the one used
here) generate a star-forming main sequence with a normalization 0.1–0.4 dex lower
than that observed (Speagle et al., 2014, and references therein), and not sufficiently
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“bursty” across the full range of stellar mass3 (see discussions in Weinmann et al.,
2012; Furlong et al., 2015; Genel et al., 2014; Mitchell et al., 2014; White et al.,
2015).
A brief outline of our LAE modeling is as follows. We first systemati-
cally “burst” the SFR of SAM galaxies on the star-forming sequence. We then
model the intrinsic Lyα production by galaxy instantaneous SFR, and the effects
of dust extinction by empirical constraints, effectively generating a broad distribu-
tion in galaxy M∗ that is consistent with what is found in observations. A high
degree of stochasticity (a survival probability, equivalently a Lyα duty cycle; see
also Nagamine et al., 2010) is then adjusted by hand to match the observed HPS
LAE number density in each mock catalog. Finally, an evaluation of the two-point
correlation function of the mocks is performed, which serves as a check of the Lyα
modeling and of this approach as a tool to study large-scale structure. A summary
of the suite of four mock LAE catalogs is given in Table 5.1. We describe the details
of these procedures in the following.
After applying the SFR offset, we first compute, for each SAM galaxy, the
intrinsic Lyα luminosity LintLyα generated in star-forming HII regions using the em-
3The deficit of star-bursting objects in simulations across the star-forming sequence at z ∼ 2
results in a situation that only massive objects (thus high SFR) with low dust content would reach
a high Lyα luminosity and EW. Such a population is significantly more massive than that observed.
Thus we assume that the ranks in SFR for objects with a given stellar mass are statistically realistic
in the simulation, but a large fraction of objects should have a higher absolute value of SFR. We will
show later that by implementing a systematic SFR offset, other major galaxy properties of interest
can be self-consistently reproduced and matched with that observed. This result indicates that the
discrepancy in the normalization of the star-forming sequence is the sole fundamental problem at
the level relevant to this work, which needs to be resolved in future SAMs.
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pirical calibration for Hα (Kennicutt, 1998) and assuming an intrinsic Lyα to Hα ra-
tio under Case B recombination (Brocklehurst, 1971; Osterbrock & Ferland, 2006).
This gives
LintLyα = 1.98× 1042 (SFR/ M yr−1) erg s−1, (5.1)
where the proportionality constant has been multiplied by a factor of 1.8 to convert
from the Salpeter IMF (Salpeter, 1955) to Chabrier IMF (Chabrier, 2003) assumed
in the SAM used here (both in a range of 0.1–100 M).
Next, we implement dust attenuation of Lyα photons in the host galaxies.
Due to the resonant nature of the transition, Lyα photons could experience long
scattering path-lengths in the neutral interstellar medium (ISM) of the host galax-
ies. Thus a small amount of dust often produces a significant level of absorption.
As a result, only several percent of the full star-forming galaxy population emit
observable Lyα emission (Hayes et al., 2010; Ciardullo et al., 2014).
A relative Lyα attenuation parameter can be defined as
q ≡ τLyα/τ1216, (5.2)
where τLyα and τ1216 is the optical depth of Lyα and stellar continuum at 1216 Å,
respectively. Several studies have shown that objects observed as LAEs show a
level of dust attenuation in Lyα roughly following that of the stellar continuum at
1216 Å (q ∼ 1; Finkelstein et al., 2009, 2011; Blanc et al., 2011; Nakajima et al.,
2012; Hagen et al., 2014, 2016). For example, Figure 5.1 from Blanc et al. (2011)
shows the Lyα escape fraction versus E(B − V ) of the stellar continuum for the
same z ∼ 2.5 HPS LAE sample that will be used in Chapter 6 (black dots) together
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Table 5.1: Summary of the Mock LAE Catalogs at z = 2.4
Simulation ∆log (SFR/ M yr−1)
a
bb log (M∗/ M)c P dLAE
Mock I 1.0 1.82 8.68+0.72−0.65 3%
Mock II 0.7 2.00 8.99+0.61−0.52 4%
Mock III 0.4 2.22 9.28+0.52−0.44 6%
Mock IV 0.2 2.44 9.46+0.46−0.39 9%
Notes.
aThe log (SFR/ M yr−1) offset applied to all galaxies in a given mock to
compensate the systematically low and insufficiently bursty SFR of the SAM at
this redshift. This offset is used as the sole control variable, which generates mocks
with different bias and stellar mass.
bGalaxy bias calculated at 8 Mpc h−1 comoving.
cMedian and 16/84 percentiles of the stellar mass distribution. For compar-
ison, the HPS star-forming LAEs at 1.9 < z < 3.8 are estimated to have
log (M∗/ M) = 8.74+0.61−0.71 (converted to Chabrier IMF and the cosmological
parameters adopted here; Hagen et al., 2014).
dProbability for star-forming galaxies to have the maximum values of f escLyα (see
Equation 5.3 and 5.4), or equivalently the Lyα duty cycle, tuned to match the
observed LAE number density.
with objects selected with other techniques. Expected correlations for different
values of the q parameter are overplotted, and the z ∼ 2.5 LAE sample roughly
follows the q = 1 line. The lack of objects with bright Lyα emission and high
E(B− V ) suggests typical ISM conditions of z ∼ 2.5 star-forming galaxies do not
allow significantly enhanced Lyα escape. We therefore set, in our model, an upper
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limit in Lyα escape fraction,
max ( f escLyα ) = 10
−0.4 k1216 E(B−V ) = 10−4.79E(B−V ), (5.3)
assuming the extinction of the stellar continuum follows the Calzetti et al. (2000)
law (k1216 = 11.98). On the other hand, the observational criteria (mainly EW,
but also LobsLyα) introduce a selection effect such that galaxies with τLyα >> τ1216
(q >> 1) would not be observed as LAEs. We utilize the knowledge of the maxi-
mum Lyα escape and the selection effect against low f escLyα objects to make a simple
assumption of f escLyα, such that it follows a double delta function, one peaks at the
max ( f escLyα ) and another at zero. We thus have a probability distribution
g(f escLyα) = PLAE · δ(f escLyα −max ( f escLyα )) + (1− PLAE) · δ(f escLyα − 0), (5.4)
where max ( f escLyα ) is a function of E(B − V ) as defined in Equation 5.3 and PLAE
is a survival probability, or equivalently a LAE duty cycle. For simplicity, here we
consider the scenario that PLAE is independent of any galaxy properties4, which
can be determined empirically based on observed LAE number densities. Using the
abundance of the HPS LAEs, we find a small PLAE of < 10% (Table 5.1), which is
consistent with what is found in other studies (Hayes et al., 2010; Ciardullo et al.,
2014). Objects with a f escLyα in the lower peak of the double delta function correspond
4A detailed matching of the simulated and observed Lyα luminosity function and EW distribu-
tion requires relaxing our simplistic assumption for g(f escLyα). As long as the clustering properties of
LAEs are reproduced, however, we do not perform a fine-tuning in the g(f escLyα). The true g(f
esc
Lyα) is
probability a smooth bottom heavy function with a sharp high end cutoff, and in principle, can de-
pend on environment and multiple bulk and unresolved galaxy properties other than the total amount
of dust.
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Figure 5.1: Lyα escape fraction as a function of E(B − V ) for the z ∼ 2.5 LAE
sample in the HETDEX Pilot Survey (black dots; figure from Blanc et al., 2011).
Dashed lines represent the trends for different values of the relative attenuation
parameter q ≡ τLyα/τ1216, and the HETDEX Pilot Survey LAEs roughly follow the
q = 1 line. The red line shows the correlation for z ∼ 3 Lyman break galaxies
showing Lyα emission from Kornei et al. (2010). Green triangles correspond to a
sample of z ∼ 0.3 LAEs from Atek et al. (2009).
to the large (> 90%) fraction of star-forming galaxies with τLyα >> τ1216, thus
produces no observable Lyα emission.
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Figure 5.2: LAE selection wedge in SFR versus E(B − V ) in our model (Mock
II), where yellow dots show the SAM galaxies with LobsLyα greater than the detection
limit of HPS, and the gray-scale two-dimensional histogram corresponds to the un-
derlying star-forming galaxies. The q parameter determines the slope of the LAE
wedge boundary, and the limiting LobsLyα sets the SFR-intercept on this plot. Galax-
ies in the LAE wedge would each have a probability of PLAE to be observed as a
LAE.
Based on the above treatments, the observed Lyα luminosity is simply
LobsLyα = f
esc
Lyα · LintLyα, (5.5)
where f escLyα is stochastic and follows the distribution of g(f
esc
Lyα) in Equation 5.4. We
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can then calculate the LobsLyα for each galaxy in the SAM, and select those with L
obs
Lyα
greater than the detection limit of the survey. Figure 5.2 illustrates our LAE model
in the plane of SFR versus E(B − V ) of the stellar continuum, where the former
determines the intrinsic Lyα production, and the latter sets the max ( f escLyα ). LAEs
selected in our model are shown in yellow dots, and the gray-scale two-dimensional
histogram shows the distribution for the underlying star-forming galaxy population.
The boundary of the LAE wedge is controlled by two parameters: the limiting Lyα
luminosity of the survey determines its y-intercept; and the relative Lyα attenuation
parameter q determines its slope. Objects located within the LAE wedge would
each have a probability of PLAE to be observed as a LAE.
We measure galaxy bias of the mocks by calculating the galaxy two-point
correlation function and comparing it to that of the underlying dark matter at the
same epoch. Multiple estimators (Peebles & Hauser, 1974; Hewett, 1982; Davis &
Peebles, 1983; Hamilton, 1993; Landy & Szalay, 1993) are used; all give consistent
results because of the large number (∼ 5 × 105) of LAEs per mock catalog. We
Fourier transform the matter power spectrum to obtain the matter two-point corre-
lation function, where the power spectrum is calculated using the Cosmic Linear
Anisotropy Solving System (CLASS) package (Lesgourgues, 2011a; Blas et al.,
2011; Lesgourgues, 2011b). The linear galaxy bias is obtained using the standard
definition
b2(r) =
ξgal(r)
ξm(r)
(5.6)
at r = 8 Mpc h−1 comoving, where the ξgal and ξm are the two-point correlation
function of galaxies and matter, respectively. The galaxy bias of the set of our four
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Figure 5.3: The galaxy bias (top) and stellar mass distribution (bottom) of the mock
LAE catalogs (color points/lines) compared with that derived from observations in
the literature (black points/histogram).
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mocks span a range from 1.8–2.4 (Table 5.1 and the top panel of Figure 5.3). This
agrees well with that of the observed LAEs at roughly the same epoch (Gawiser
et al., 2007; Ouchi et al., 2008, 2010; Guaita et al., 2010), where a small . 5%
fraction of LAEs with X-ray detection have been excluded from these observational
clustering analyses. X-ray AGN hosts are found to be more clustered (Allevato
et al., 2011, 2014), and thus the inclusion of these objects as in this work, though
subdominant, should elevate the sample averaged galaxy bias slightly.
The stellar mass distributions of our mock LAE catalogs are shown in the
bottom panel of Figure 5.3 and summarized in Table 5.1. The hatched histogram in-
dicates that of the observed non-AGN sample of HPS LAEs (z = 2.87+0.40−0.58), show-
ing a median log (M∗/ M) and 16/84 percentile scatter of 8.74+0.60−0.72 (converted to
Chabrier IMF adopted here; Hagen et al., 2014). The decline at both the low and
high mass ends of the observed sample are physical: the low-end tail is caused by
the declining SFR, thus is the intrinsic Lyα production of low mass galaxies; the
high-end tail originates from an increasing dust content of high-mass star-forming
galaxies. Incompleteness near the detection limit in LobsLyα does not propagate to
bias the stellar mass distribution because of the intrinsically poor correlation be-
tween LobsLyα and M∗. Our mock LAE catalogs show similar M∗ distributions with
that of the observed LAEs, particularly in the low median values of log (M∗) and a
similar wide spread, which is about twice large as that of the (more massive) Ly-
man break galaxies in the same epoch (e.g., Daddi et al., 2007). LAEs in general
represent a heterogeneous population of objects with various levels of gravitational
clustering, manifested in a large cosmic variance of the galaxy bias.
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Using the empirical modeling of Lyα production and dust attenuation, our
mock LAEs successfully reproduce the observed galaxy bias and stellar mass distri-
bution simultaneously. For both these properties, the Mock I appears to best match
the observed star-forming LAEs. In a general case when a deep X-ray imaging is
not available, a small fraction of AGN powered LAEs will not be separated out,
which will lead to a slightly higher galaxy bias. We thus consider the Mock II
(b = 2.0) as the fiducial mock of the observed galaxy tracers. In Chapter 6, we will
use these mocks to discuss the fate of the HPS-COSMOS large-scale structure at
z = 2.44 and its uncertainty given the uncertainty in the clustering properties of the
galaxy tracers.
5.3 SFRs, Dust, Ages, and Metallicities of Lyα Emitters
In addition to its applications on the connection between galaxies and dark
matter, our model also provides baseline characterizations of the internal physical
properties of LAEs themselves. Here we use the Mock II as fiducial to discuss the
stellar masses, SFRs, dust, ages, and metallicities of the model LAEs5.
Figure 5.4 shows the two-dimensional distributions of SFR, E(B − V ),
gas phase metallicity, and mass-weighted stellar age versus stellar mass for model
LAEs in yellow dots and the parent sample of star-forming galaxies in grayscale
histogram. Similarly, Figure 5.5 shows the median and 1-σ scatters for these prop-
erties at a given stellar mass for model LAEs (red) and the parent sample (gray).
5All the discussion here will be qualitatively unchanged if we use Mock I, III, or IV
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Figure 5.4: Distributions of SFR (upper-left), E(B − V ) (upper-right), gas phase
metallicity (lower-left), and mass-weighted stellar age (lower-right) versus stellar
mass, respectively. Yellow dots indicate model LAEs, with the number of objects
downsized for clarity. Gray-scale 2D histogram show the distributions for all star-
forming galaxies in the model.
First we focus on SFR and E(B−V ) on the upper panels, where in the model these
two quantities are directly used to power and attenuate Lyα photons and generate
the Lyα luminosity emerges out of a galaxy. Based on these plots, model LAEs
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Figure 5.5: Median and 1-σ scatters of SFR (upper-left), E(B − V ) (upper-right),
gas phase metallicity (lower-left), and mass-weighted stellar age (lower-right), re-
spectively, for objects at a given stellar mass. Red corresponds to model LAEs, and
gray is for the parent population of star-forming galaxies.
can be separated into two regimes: at the massive end, LAEs follow almost exactly
the same star-forming sequence with the parent population, while objects with de-
tectable Lyα emission are subjected to a considerably lower level of dust extinction;
at the low mass end, LAEs occupy a significantly elevated star-forming sequence.
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In this regime dust attenuation is alleviated since low mass galaxies tend to have lit-
tle dust, whereas a minimum SFR is still required for a galaxy to power detectable
Lyα, resulting in a sharp lower SFR cutoff seen in the upper-left panel of Figure
5.4. We therefore suggest that massive LAEs are simply the less dusty ones among
the underlying star-forming population, and low mass LAEs are objects with recent
or ongoing starburst, thus elevated on the star-forming sequence. Another way to
see the picture is that high mass galaxies have a wide dynamic range in the level of
extinction, thus the Lyα luminosities of these galaxies are “extinction-dominated”,
while low mass galaxies have a wide dynamic range in the level of star formation,
thus being “SFR-dominated” when it comes to making a Lyα source. In our model,
the transition of these two regimes happens when a galaxy right on the star-forming
main sequence can no longer produce enough Lyα budget to be detected in the sur-
vey even without dust extinction. For HPS depth, LlimLyα ∼ 4 × 1042 erg s−1, the
transitioning mass scale is about M? ∼ 109 M, which coincides with the median
stellar mass of the mock (recall Figure 5.3), thus there are about 50% of the total
LAEs in each regime. For a shallower survey or at a higher redshift, we expect
a higher transitioning mass and a higher fraction of star-bursting LAEs below the
transitioning mass and vise versa.
This bimodality of LAE powering mechanism is also clearly seen in the
mass-weighted age distributions in Figure 5.4 and 5.5 (lower-right), where mas-
sive LAEs show ages indistinguishable with the parent population of star-forming
galaxies, while low mass LAEs consist of progressively younger stellar populations
to boost the production of Lyα photons above the selection limit. A less dramatic
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trend can be seen in the distributions of gas phase metallicity in the ISM (Figure
5.4 and 5.5 lower-left), where we find LAEs being less metal enriched throughout
the mass sequence, and the difference between LAEs and the parent sample be-
comes larger with decreasing mass. This can be understood with the fact that both
the production of dust in the extinction-dominated regime and the trigger of recent
starburst in the SFR-dominated regime are associated with gas phase metallicity.
In the SAM that we used and many other SAMs, dust mass is calculated with an
assumption that the dust-to-gas ratio scales with metallicity, thus for massive LAEs
they have to be also the low metallicity ones to avoid severe dust extinction. For
low mass star-bursting LAEs, the same cold accretion flows that feed the star forma-
tion brings pristine gas from the intergalactic medium, therefore dilute the metals.
Observationally, indeed there is tentative evidence for both the bimodality of LAE
powering mechanism (Finkelstein et al., 2015) and the deficiency of metals (Song
et al., 2014).
We caution that our model is simplistic in a way that the large number of
star-forming galaxies without detectable Lyα emission are essentially assigned a
zero Lyα escape fraction, while “on” LAEs have their Lyα escape fraction set to
the maximum allowed values given the amount of dust present (Equation 5.3). We
did not directly model the spatial distribution of the neutral ISM, which is thought to
be one of the major source of the stochasticity of the escape of Lyα photons. These
assumptions lead to a too top heavy Lyα luminosity function and a sharp distinction
between extinction-dominated and SFR-dominated LAEs. The physics behind the
“duty cycle” is probably not, at least primarily, a short-timescale variation of any of
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the physical properties but a combination of object-to-object and directional varia-
tions in the column density of the neutral ISM, dust, and the geometry of each. For
a non-LAE star-forming galaxy even in the SFR-dominated regime, the absence of
Lyα is likely resonant scattering and dust extinction in nature. Depending on its ap-
plications, the model can be improved or tuned if the knowledge of the Lyα escape
fraction distribution and its dependency on other physical quantities of galaxies is
improved in future observations.
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Chapter 6
A Large-Scale Structure at z = 2.44 in the HETDEX
Pilot Survey1
Here we report the discovery of a large-scale structure at z = 2.44 in the
HETDEX Pilot Survey. On a scale of a few tens of Mpc comoving, this structure
shows a complex overdensity of Lyα emitters (LAE), which coincides with broad-
band selected galaxies in the COSMOS/UltraVISTA photometric and zCOSMOS
spectroscopic catalogs, as well as overdensities of intergalactic gas revealed in the
Lyα absorption maps of Lee et al. (2014). We use the mock LAE catalogs con-
structed in Chapter 5 to predict the cosmic evolution of this structure. We find that
such an overdensity should have already broken away from the Hubble flow, and
part of the structure will collapse to form a galaxy cluster with 1014.5±0.4 M by
z = 0. The structure contains a higher median stellar mass of broad-band selected
galaxies, a boost of extended Lyα nebulae, and a marginal excess of active galactic
nuclei relative to the field, supporting a scenario of accelerated galaxy evolution in
cluster progenitors. This structure provides a great potential for follow-up studies
of the interplay between intergalactic gas, mergers, active black holes and galaxy
growth in dense proto-cluster environment, and demonstrates the effectiveness of
1This chapter has been published as part of Chiang, Y.-K., Overzier, R. A., Gebhardt, K., et al.
2015, ApJ, 808, 37
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high-redshift large-scale structure studies in the upcoming HETDEX survey.
6.1 Probing the Onset of Cosmic Urbanization in Proto-clusters
with Emission Line Galaxy Surveys
Galaxy proto-clusters at z & 2 are the “crime scene” of the rapid mass as-
sembly and galaxy growth of present day massive clusters. During this epoch, the
most massive dark matter halos in cluster progenitors are just about to cross the
characteristic mass scale of 1014 M (Chiang et al., 2013b; Wu et al., 2013), co-
inciding with the increasing dominance of various intra-cluster processes seen in
fully formed clusters. The total star formation rate (SFR) of a z & 2 proto-cluster
is predicted to be ∼ 3 orders of magnitude higher than that of its z = 0 descen-
dant (Behroozi et al., 2013), implying a rapid build-up of the stellar content in line
with an emerging quiescent galaxy population. Efficient baryon accretion of mas-
sive galaxies via cold streams from the gaseous cosmic web might be switching
to an inefficient mode due to a uniformly shock-heated medium. Such a transition
is expected to take place in the largest halos first, i.e., in cluster progenitors dur-
ing this epoch (Kereš et al., 2005; Dekel & Birnboim, 2006; Dekel et al., 2009b).
The subsequent virialization on both galaxy and cluster scales in about a dynamical
timescale largely erases the signatures of the aforementioned processes, placing a
fundamental limit on inferences based on the largely archaeological record of clus-
ter formation based upon near-field studies. Direct studies of cluster progenitors
thus provide irreplaceable probes to understand the formation of present day mas-
sive clusters.
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The search for high-redshift cluster progenitors is challenging due to their
lack of mature cluster signatures such as extended X-ray emission (Fassbender
et al., 2011a), the Sunyaev–Zel’dovich effect (Bleem et al., 2015), and the promi-
nent galaxy red sequence (Gladders & Yee, 2005; Gilbank et al., 2011). The fun-
damental picture of gravitational structure formation implies that the most massive
collapsed objects evolved from the densest regions in the early universe on a large
scale (Kravtsov & Borgani, 2012, and references therein). The finding of proto-
clusters requires identifying galaxy overdensities in three-dimensions using precise
redshift measurements (Chiang et al., 2013b).
Active star formation in cluster progenitors implies that (at least for the pur-
pose of proto-cluster search and identification) more focus should be placed on
star-forming galaxies instead of the quiescent ones that play a dominant role in tra-
ditional cluster studies. The difficulty in mapping the high-redshift cosmic density
field is alleviated by the prevalence of emission lines in these star-forming galaxies,
for which spectroscopic redshift can be obtained once the line transition is iden-
tified. Therefore, nearly all the ∼ 25 proto-clusters known to date (see the recent
compilation in Chiang et al., 2013b) were found and/or confirmed spectroscopically
by overdensities of galaxies with strong emission lines, particularly Lyα redshifted
into the optical window (Steidel et al., 1998, 2000, 2005; Kurk et al., 2000, 2004b;
Pentericci et al., 2000, 2002; Venemans et al., 2002, 2004, 2005, 2007; Shimasaku
et al., 2003; Palunas et al., 2004; Matsuda et al., 2005; Ouchi et al., 2005b; Prescott
et al., 2008; Kuiper et al., 2011; Yamada et al., 2012b; Cucciati et al., 2014; Lee
et al., 2014c; Lemaux et al., 2014; Saito et al., 2015). Alternatively, Hα emitters
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are also used as density tracers (Hatch et al., 2011a; Matsuda et al., 2011; Hayashi
et al., 2012; Koyama et al., 2013).
Massive proto-clusters at z & 2, although having a much larger radius of
influence compared with clusters in the local universe, occupy only ∼ 1/1000 of
the cosmic volume (Chiang et al., 2013b). Their abundance, by definition, is as low
as that of galaxy clusters at z = 0. An effective survey of proto-clusters thus needs
to probe an extremely large volume. Traditional multi-object slit spectroscopy, al-
though providing reliable redshifts and galaxy spectral diagnostics, is expensive
as a survey tool of this scale. Narrow-band imaging (with a larger redshift uncer-
tainty than direct spectroscopy) has been successful in finding overdensities of Lyα
emitters (LAE) in both blank fields (Ouchi et al., 2005b) and targeted fields around
powerful radio galaxies (see a summary in Venemans et al., 2007). This technique
also revealed a puzzling but fascinating population of diffuse Lyα halos, the so
called Lyα “blobs” in overdense regions (Steidel et al., 2000; Prescott et al., 2008;
Matsuda et al., 2009; Yang et al., 2009; Erb et al., 2011; Matsuda et al., 2012).
However, narrow-band imaging typically requires a region of interest with a known
redshift; if used as a survey tool, it probes only a small volume in a thin redshift
slice of ∆z ∼ 0.1.
Blind spectroscopy provides an opportunity to largely increase the survey
volume. For instance, wide-field slitless grism or prism spectroscopy (e.g., the base-
line redshift surveys of the future Wide Field Infrared Survey Telescope (WFIRST;
Spergel et al., 2013, 2015) and the Euclid mission (Laureijs et al., 2011)) is par-
ticularly suitable for the searches of proto-clusters traced by bright emission-line
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galaxies. Integral field unit (IFU) spectroscopy has even greater potential, with no
trade-off between spectral resolution and the survey depth due to spectral crowd-
ing and confusion (compared to grism surveys). For the same reason of source
crowding, blind grism spectroscopy strongly demands space-based spatial resolu-
tion, while the IFU technique is feasible with ground-based facilities. However,
early IFU techniques have focused on achieving sub-arcsecond sampling in a rela-
tively small field of view (e.g., Eisenhauer et al., 2003; Larkin et al., 2006; Bacon
et al., 2010, 2015), making them less suitable for proto-cluster searches.
The Hobby Eberly Telescope Dark Energy Experiment (HETDEX; Hill
et al., 2008b) is pioneering the instrumentation development and observations of
high-redshift large-scale structures using wide-field IFUs. In a 3 year baseline start-
ing from late 2016, HETDEX will leverage the cosmic evolution of the dark energy
equation of state with high-redshift (z > 2) constraints imprinted by the Baryon
Acoustic Oscillations (BAO; Eisenstein, 2005) in the early universe. The program
will perform a redshift survey of LAEs in 300 deg2 (Spring field) plus 150 deg2
(Fall field) at 1.9 < z < 3.5 (with a filling factor of 1/4.5), with a total survey
volume of ∼ 8.5 Gpc3. The survey uses the 10-m Hobby–Eberly Telescope (HET;
Ramsey et al., 1998) with a wide-field upgrade to reach a 22 × 22 arcmin2 field of
view. Blind spectroscopy (R ∼ 750 in 350–550 nm) with no pre-selection of tar-
gets will be performed using the Visible Integral-field Replicable Unit Spectrograph
(VIRUS; Hill et al., 2012, 2014). With the LAE redshifts, HETDEX will pinpoint
numerous locations of the highest density concentrations at 1.9 < z < 3.5, generat-
ing a substantially large and homogeneous sample of cluster progenitors in the key
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epoch of cluster formation before virialization.
As a proof of concept, the HETDEX Pilot Survey (HPS; Adams et al., 2011)
performed blind spectroscopy over a 169 arcmin2 area (divided into four sub-fields)
for bright LAEs at 1.9 < z < 3.8, which corresponds to a volume of ∼ 106 Mpc3.
A total of 105 LAEs were discovered and studied in detail (Adams et al., 2011;
Blanc et al., 2011; Finkelstein et al., 2011; Chonis et al., 2013; Hagen et al., 2014;
Song et al., 2014).
Among the LAEs discovered in HPS, there is a concentration of nine LAEs
across a 71.6 arcmin2 region in the HPS-COSMOS field, which lie in a narrow
redshift range at z ∼ 2.44 (LAE overdensity of & 4 in a comoving volume of
∼ 10×10×35 Mpc3 h−3). Here we present a detailed characterization of this struc-
ture using HPS data, supplemented with a publicly available catalog of continuum-
selected galaxies with photometric redshifts from COSMOS/UltraVISTA. We use
the mock galaxy catalog constructed in Chapter 5 to model the realistic connection
between LAEs and the underlying matter field and the complex nonlinear gravita-
tional structure formation across cosmic history. Our study shows that part of this
structure will collapse to form a galaxy cluster with 1014.5±0.4 M by z = 0. The
structure (together with another similar overdensity partially covered by HPS) hosts
several extended Lyα halos, some of which are identified as active galactic nucleus
(AGN) in the X-ray. These systems are commonly found in overdense regions at
high redshift, perhaps indicating an accelerated co-evolution of massive galaxies
and their supermassive black holes in overdense environments.
In Section 6.2, we describe our LAEs and continuum-selected galaxy sam-
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ple. In Section 6.3, we present the spatial distributions of galaxies in HPS-COSMOS
along the line of sight and on the projected sky. In Section 6.4, we place this struc-
ture in the context of cosmic structure formation based on the cosmological simu-
lation connected through the mocks constructed in Chapter 5. In Section 6.5, we
demonstrate a significant enhancement of diffuse Lyα halos and AGN in this struc-
ture. We discuss the results in Section 6.6 and conclude this work in Section 6.7.
Cosmological parameters based on the 7 year Wilkinson Microwave Anisotropy
Probe (Komatsu et al., 2011) are adopted: [h, Ωm, ΩΛ, ns, σ8 ] = [ 0.704, 0.272,
0.728, 0.967, 0.81]. All magnitudes given are in the AB system (Oke & Gunn,
1983).
6.2 Galaxy Samples and Simulations
Cluster formation is directly driven by the evolution of the matter density
field under gravitational processes. However, dark matter, being the dominant
component of the matter density, has no direct electromagnetic signature. We fol-
low the standard formalism using galaxies as (in general, biased) tracers of the
underlying density field. Here we describe our HPS LAE sample and the COS-
MOS/UltraVISTA catalog of continuum-selected (“photo-z”) galaxies.
6.2.1 Lyα Emitters: The HETDEX Pilot Survey
In this work, we use mainly the LAE sample in HPS-COSMOS, the largest
contiguous HPS sub-field of 71.6 arcmin2 (∼ 7′ × 10′) near the center of the COS-
MOS field. The sample contains a total of 52 LAEs at 1.9 < z < 3.8, with four
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showing X-ray emission (matched with the catalog of Elvis et al., 2009)2. The
field of HPS-COSMOS partially overlaps with several deep surveys that cover the
redshift of > 2 including CANDELS (PI: Faber, Ferguson), VVDS/VUDS (PI: Le
Fèvre), zCOSMOS (PI: Lilly), ZFOURGE (PI: Labbé), 3D-HST (PI: van Dokkum),
and a pilot survey of CLAMATO (PI: Lee) for Lyα forest tomography. We will refer
to some of the findings from these surveys when relevant.
HPS (Adams et al., 2011) is a blind spectroscopic survey of emission-line
galaxies using the Mitchell Spectrograph, formerly called the VIRUS-P spectro-
graph (the VIRUS prototype; Hill et al., 2008a) on the 2.7 m Harlan J. Smith tele-
scope at McDonald Observatory. A single Mitchell Spectrograph pointing covers
an area of 1.7′ × 1.7′ with a 1/3 filling factor using an array of 246 fibers of each
4′′.235 in diameter. With a 6-dither pattern, HPS reaches a complete coverage in
the field and sub-fiber-size spatial sampling. The survey contains four sub-fields
in COSMOS (71.6 arcmin2), GOODS-N (35.5 arcmin2), MUNICS (49.9 arcmin2),
and XMM-LSS (12.3 arcmin2) that are rich in ancillary multi-wavelength data, with
a total survey area of 169 arcmin2. The spectra cover a bandpass of 3500–5800
Å with a spectral FWHM of 5 Å (σinst ∼ 130 km s−1 at 5000 Å). The survey
probes LAEs at 1.9 < z < 3.8 with a single line expected within the bandpass
in a total effective volume of ∼ 106 Mpc3. Each line detection is matched with
a continuum counterpart or an upper limit is determined if undetected. LAEs are
2In this work we do not exclude AGNs from the LAE sample since all the Lyα emitting objects
provide reliable redshifts to trace the underlying cosmic density field. We model the clustering
properties of the full LAE population in Chapter 5. This treatment is favored for future applications
of the full HETDEX survey, in which no coordinated deep X-ray observations are planned to cover
a significant fraction of the wide HETDEX field.
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then distinguished from lower redshift galaxies with a single line detection (mainly
unresolved [O II]λ3727, 3729 emitters at 0.19 < z < 0.56) by an equivalent width
(EW) criterion, where objects with a rest-frame EWLyα > 20 Å are classified as
LAEs. The contamination rate is estimated to be 4%–10%. A total of 105 LAEs
are discovered in HPS down to a LobsLyα limit of∼ 4×1042 erg s−1 (roughly constant
across the redshift range). Six of the 105 LAEs have X-ray counterparts, indicat-
ing the presence of AGNs in ∼ 5% of the sample. Among the nine LAEs in the
large-scale structure at z = 2.44 (see Section 6.3 and Table 6.1), four are covered
by 3D-HST. The HPS LAE identifications for these four sources are all confirmed
by at least one 3D-HST metal line detection. An additional two LAEs (and also
the four covered by 3D-HST) in the z = 2.44 structure are followed up and con-
firmed using Magellan/IMACS spectroscopy with a spectral resolution of 150 km
s−1 FWHM, revealing unique asymmetric line profiles expected for Lyα, and ex-
cluding the possibilities of being foreground [O II] emitters of λ3727, 3729 doublet
(Chonis et al. in prep.).
Hagen et al. (2014) estimated the stellar mass of 63 out of the total 74 LAEs
in the HPS GOODS-N and COSMOS fields by spectral energy distribution (SED)
fitting of individual galaxies, finding a wide distribution of log (M∗/ M) spanning
from ∼ 7.5 to ∼ 10.5.
Adams et al. (2011) performed a curve of growth analysis to obtain robust
total Lyα fluxes for the HPS LAEs and estimated the spatial extent of Lyα emission.
As the survey uses 4′′.235 diameter fibers with a dither pattern to achieve a discrete
sampling of. 3′′ nearest fiber-center distances, no constraint below the scale of few
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Table 6.1: HPS-COSMOS Lyα Emitter Catalog (Selected)
HPS za α δ Flux L Spectral Spatial mR Count. EWreste FX−ray
Index (Lyα) (J2000) (J2000) (Lyα) (Lyα) FWHMb FWHMc Prob.d (Lyα) 0.5–10 keV
deg deg 10−17 cgs 1042 cgs km s−1 arcsec mag Å 10−17 cgs
z = 2.44 structure
160 2.4346 150.03587 2.29406 17.1+10.5−6.4 8.3
+5.1
−3.1 663 5.2
+1.5
−1.6 27.35 0.61 1034.3
+1000.0
−559.0
162 2.4284 150.03637 2.25889 76.4+14.6−11.5 37.0
+7.1
−5.6 1063 8.3
+1.3
−0.9 24.45 0.20 564.3
+165.4
−114.8 370±67
164 2.4518 150.03729 2.28978 25.4+13.7−12.9 12.6
+6.8
−6.4 482 11.0
+3.3
−3.3 24.32 0.31 126.4
+70.5
−64.5
182 2.4337 150.05137 2.23778 25.6+5.8−5.2 12.5
+2.8
−2.5 211 4.9
+0.5
−0.8 25.04 0.60 180.8
+49.4
−40.5
189 2.4515 150.05462 2.31564 12.9+8.7−6.7 6.4
+4.3
−3.3 509 5.1
+1.8
−1.9 24.99 0.64 85.3
+59.2
−44.6
197 2.4419 150.06121 2.29650 17.8+7.1−6.0 8.7
+3.5
−2.9 536 4.1
+1.2
−1.2 25.8 0.33 258.9
+317.6
−114.9
263 2.4323 150.12108 2.23589 24.1+8.0−7.7 11.7
+3.9
−3.7 511 5.8
+1.2
−1.0 24.17 0.89 66.3
+22.9
−21.4
306 2.4390 150.16504 2.22739 38.3+5.8−9.2 18.7
+2.8
−4.5 766 7.1
+1.0
−0.8 24.07 0.72 90.4
+15.6
−22.2
318 2.4558 150.18387 2.26636 30.3+8.9−11.1 15.1
+4.4
−5.5 349 8.0
+1.7
−1.6 23.69 0.32 74.5
+22.9
−27.6
Other Extended LAEs or AGNs
145 2.1751 150.02608 2.21969 84.0+14.8−8.1 31.0
+5.5
−3.0 1164 7.5
+0.8
−0.8 24.08 0.51 2380.9
+1000.0
−1190.5
148 3.4176 150.02917 2.32439 8.6+2.0−2.6 9.5
+2.2
−2.9 289 4.5
+1.2
−1.0 24.77 0.43 180.5
+74.1
−62.4 166±49
222 2.9430 150.07600 2.26417 87.3+4.7−5.8 67.5
+3.6
−4.5 983 4.7
+0.2
−0.2 23.55 0.98 278.1
+41.0
−34.5 268±60
261 2.0960 150.11904 2.29678 143.7+23.2−10.1 48.4
+7.8
−3.4 886 8.3
+0.9
−0.6 23.76 0.87 536.7
+157.8
−92.4 2040±125
Notes.
aWith an uncertainty of 4× 10−4 based on a 0.5 Å line center uncertainty.
bAfter deconvolution with a 5 Å FWHM instrumental resolution (σinst ∼ 130 km s−1).
cIncluding a tophat component of the fiber size of 4′′.235 and the effects of dither pattern
and discrete sampling.
dProbability of counterpart association (R-band).
eBased on an interpolation between the two nearest filters for continuum.
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arcsecond is obtained. Nonetheless, sources with an apparent spatial FWHM >
6′′.81 (including the effects of instrument, sampling, and seeing) can be ruled out
as point sources with a confidence level of 99.7%3. Using this criterion, there are a
total of 7 (10) extended Lyα halos in HPS-COSMOS (full HPS). Table 6.1 presents
the catalog for a selected subset of LAEs of interest in the HPS-COSMOS.
6.2.2 Continuum-selected Photo-z Galaxies: The COSMOS/UltraVISTA
We supplement the LAEs with continuum-selected galaxies with photomet-
ric redshifts (photo-z). Although their redshift uncertainty is considerably larger
than that of the LAEs, these objects provide a more mass complete sample and
over a wider field. We use a publicly available Ks band selected photometric red-
shift galaxy catalog of Muzzin et al. (2013) in the 1.62 deg2 COSMOS/UltraVISTA
survey, same with the one used in Chapter 4. The catalog combines photometric
datasets from UltraVISTA (McCracken et al., 2012) for near-IR, Subaru/SuprimeCam
(Taniguchi et al., 2007) and CFHT/MegaCam (Capak et al., 2007) for optical. In-
formation from the GALEX FUV and NUV (Martin et al., 2005) and Spitzer
IRAC+MIPS mid-IR data (Sanders et al., 2007) are included. The photo-z error
of galaxies at 2 < z < 3 is, on average, at a level of σz/(1 + z) = 2.5–3%. Here
we use the sample above the 90% completeness limit of Ks < 23.4 mag, excluding
a small fraction (∼ 4%) of galaxies showing a broad and/or multi-modal redshift
probability distribution. A subsample of Ks < 22.0 galaxies will be referred to as
3The scale of∼ 7′′ coincides with the sum of the fiber size and the average sampling separation.
A source of ∼ 7′′ would be detected (for each at least about half fiber area is filled) by 10–12 fibers,
while a source of 6′′ would be detected by only 4–6 fibers (see Figure 1 in Adams et al., 2011).
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the “bright” sample.
We will also use the galaxy stellar masses provided in Muzzin et al. (2013),
derived by SED fitting with the FAST code (Kriek et al., 2009) using a set of popula-
tion synthesis models from Bruzual & Charlot (2003). Solar metallicity, a Chabrier
(2003) initial mass function (IMF), and a Calzetti et al. (2000) dust extinction law
are assumed. The uncertainty in stellar mass is ∼ 0.2 dex.
6.3 Large-scale Structure at z = 2.44
Here we present the large-scale galaxy concentration found at z = 2.44
using the sample of LAEs in HPS-COSMOS supplemented by continuum-selected
galaxies with photo-z in COSMOS/UltraVISTA. The field of view of the HPS-
COSMOS is of the same order as the characteristic angular size of proto-clusters
predicted (Chiang et al., 2013b). However, the survey probes an order of magnitude
longer depth along the line of sight.
6.3.1 Redshift Distribution
In the 71.6 arcmin2 field of view of the HPS-COSMOS (outlined in Figure
6.2), the redshift distributions of LAEs, photo-z selected galaxies, and the stellar
mass volume density of the photo-z galaxies smoothed to a large super-halo scale
all show a significant peak at z ∼ 2.44 (Figure 6.1).
The top panel of Figure 6.1 shows the line of sight distribution of 51 LAEs
from z = 2.0 to 3.6 in HPS-COSMOS. The dashed line shows the ensemble aver-
age redshift distribution derived from the whole sample of LAEs in 4 HPS fields,
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Figure 6.1: The redshift distributions of LAE number count (top), continuum-selected galaxy
number count with photometric redshifts (middle), and the volume combined stellar mass derived
from SED fittings of the continuum-selected galaxies (bottom) in the 71.6 arcmin2 HPS-COSMOS
field. The typical photometric redshift error of individual continuum-selected galaxies is shown in
error bars. Each redshift bin of a width of 0.05 corresponds to a comoving volume of∼ 8.5×12.0×
43.5 Mpc3 h−3 (at z=2.5). Dashed lines indicate the ensemble averages per redshift bin for each
quantity, respectively. The gray regions in the middle and bottom panels show the 68% scatter per
redshift bin for each quantity (only scatter for Ks < 23.4 is shown in the middle panel) estimated by
randomly sampling the whole ∼ 1.6 deg2 COSMOS field. The long and short thick ticks indicate
the redshifts of the HPS proto-cluster and a proto-cluster found in the Z-FOURGE survey (Spitler
et al., 2012, see Section 6.6), respectively.
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smoothed with a Gaussian kernel of σ = 0.15 in redshift (normalized to indicate
the expected number of LAEs per redshift bin of 0.05 in the field of view of HPS-
COSMOS). A concentration of nine LAEs in the bin at z = 2.45 is clearly seen.
Their mean Lyα redshift is 2.441, indicated by a long thick tick. The ensemble
average number density of LAEs at this redshift is 4.0 × 10−4 Mpc−3 h3. Within
the redshift-space bin corresponding to a comoving volume of 8.5 × 12.0 × 43.5
Mpc3 h−3, the ensemble average LAE number 〈NLAE〉 is 1.8. The LAE galaxy
overdensity,
δLAE ≡ NLAE − 〈NLAE〉〈NLAE〉 , (6.1)
is ∼ 4, averaged over this redshift-space bin.4
The density peak is unlikely to arise from a Poisson sampling of a spatially
homogeneous density field, with a p-value of 2 × 10−5. Although it is well known
that galaxies are clustered, it suggests that the peak is a genuine large-scale structure
of physical origin instead of a statistical fluctuation. The value of δLAE together
with the moderately low LAE bias of ∼ 2 suggest a matter overdensity of ∼ 2,
implying that even at this large scale, the matter density field has already evolved
to the nonlinear regime. Based on both the linear theory of spherical collapse (e.g.,
Peacock, 1999) and the observational signatures of cluster progenitors expected in
ΛCDM cosmological simulations (Chiang et al., 2013b), the overdensity of this
structure at z = 2.44 appears more than sufficient for it to collapse and evolve into
a cluster (> 1014 M) by z = 0. In Section 6.4 we will study the fate of the
4The δLAE is scale dependent, thus needs to be interpreted carefully.
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overdensity in more detail by comparing the observed LAE distribution with the
mock LAE catalogs constructed in Chapter 5.
The middle panel of Figure 6.1 displays the photo-z distribution of continuum-
selected galaxies in the field of HPS-COSMOS (approximated by an 8.46′ × 8.46′
square region). The “bright” galaxy sample with Ks < 22.0 is shown by the yellow
histogram (right y-axis), and the whole Ks < 23.4 sample is represented by the
black hatched histogram. The typical photo-z error of σz = 0.03 (1 + z) at z = 2.5
is indicated in the figure legend. The dashed line and gray shaded region are the
median and 16/84 percentile scatter of the number counts of Ks < 23.4 galaxies
as a function of redshift, calculated by randomly sampling the whole COSMOS
field. Although not shown here, the median redshift distribution for the bright sam-
ple of Ks < 22.0 would differ slightly, and the scatter would be larger than the
gray region for Ks < 23.4 galaxies due to both a larger shot noise and a higher
cosmic variance (higher intrinsic clustering). Both the Ks < 22.0 and Ks < 23.4
galaxy number counts clearly reveal a density peak at 2.4 < zphot < 2.5 coinciding
with the highest LAE concentration in HPS. The overdensity appears to be more
pronounced for bright/massive galaxies, which has been previously seen in other
massive proto-clusters (Steidel et al., 2005). Chiang et al. (2014) compared the
z ∼ 2.45 density peak traced by the identical sample of Ks < 23.4 galaxies with a
large set of matched SAM lightcones (post-processed with observational selection
effects and redshift errors), and found that even under this level of redshift uncer-
tainties, the overdensity in photo-z galaxies suggests, with a ∼ 70% confidence
level, that this structure will evolve to a cluster with Mvir > 1014 M by z = 0.
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We will see in Section 6.4 that the LAE distribution with precise redshifts provides
consistent but much stronger constraints on the fate of the structure.
The bottom panel of Figure 6.1 shows, with the blue histogram, the photo-z
distribution of stellar mass combining all the continuum-selected galaxies (Ks <
23.4) within each redshift-space bin. The dashed line and gray region show the
median and 16/84 percentile scatter of this distribution estimated by randomly sam-
pling the whole COSMOS field. Similar to the previous case of galaxy number
count, photo-z errors largely smooth out the fluctuation, and slightly reduce the
(apparent) cosmic variance, which dominates the gray region. A peak at 2.4 <
zphot < 2.5 is, again, clearly present. A stellar mass overdensity δ∗ can be defined
as
δ∗ ≡ ρ∗ − 〈ρ∗〉〈ρ∗〉 , (6.2)
where ρ∗ and 〈ρ∗〉 are the stellar mass density calculated in a given window and
the cosmic stellar mass density at the same epoch, respectively. The δ∗ of the most
significant bin at 2.45 < zphot < 2.5 is ∼ 3, with a signal-to-noise ratio of & 4,
which is much higher than that of the number counts of the same galaxy sample
shown previously. This difference is related to the fact that there is a higher frac-
tional excess of bright galaxies in this structure as shown previously. The inclusion
of faint galaxies also plays a role in reducing the noise. The scatter shown with the
gray region includes not only the cosmic variance but also the shot noise of galaxy
counts and the systematics in SED fitting.
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Figure 6.2: Sky map of the galaxy distribution at z ∼ 2.44 for the 1.2 × 1.0 deg2 COSMOS
(top) and the zoomed in of the HPS-COSMOS field indicated by the black outline (bottom). The
background color map in both panels shows the density of continuum-selected galaxies with photo-z
(Ks < 23.4) smoothed with a cylindrical window of r = 5 and a depth lz of σz = 0.025(1 + z) as
presented in Chiang et al. (2014). Dots in the top panel represent the galaxy sample used to calculate
the large-scale density map within a photo-z full width of σz , and additional ones within a photo-z
full width of 2σz are marked in the bottom panel with smaller symbols. In the bottom panel, stars
indicates HPS LAEs. The diamonds indicate continuum-selected LBGs with spectroscopic redshift
confirmed in the zCOSMOS survey and the observations in Diener et al. (2015). The dotted outline
represents the Lyα forest tomography field observed by Lee et al. (2014b).
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6.3.2 Projected Spatial Distribution
The z = 2.44 structure can be seen in the distribution of photo-z galaxies
projected on the sky. The top panel of Figure 6.2 presents the overdensity map of
continuum-selected galaxies in the central 1.2×1.0 deg2 of COSMOS in a thin red-
shift slice centered at zphot = 2.45. Dots represent galaxies with a zphot within a full
width of σz. This map was generated (but not shown) in the work of Chiang et al.
(2014) to search for cluster progenitors. We have smoothed the galaxy distribution
with a scale of ∼ 15 Mpc comoving that corresponds to the typical angular size
of proto-clusters. Galaxy overdensity, δgal, is calculated in a cylindrical window
with a radius r = 5′ and a redshift depth full width of lz = σz = 0.025 (1 + z).
Regions of local δgal maxima were then identified, and compared with that in a set
of matched SAM galaxy lightcones. The three overdense regions shown in red are
strong candidate proto-clusters of Mz=0 > 1014 M, with a confidence level of
∼ 70%. The feature close to the field center corresponds to the HPS-COSMOS
z = 2.44 structure discussed in this work, where the HPS field is outlined in black.5
This overdensity roughly fills the whole field of HPS-COSMOS and extends few
arcmins to the west. The size of this structure is on the order of 20 Mpc comoving,
consistent with that of massive cluster progenitors studied in simulations (Suwa
et al., 2006; Chiang et al., 2013b; Stark et al., 2015).
5The other two, at least equally prominent photo-z overdensities in this map have their δgal
peak in redshift slices near but not in this slice, which correspond to candidate proto-clusters PC17
(z = 2.42) and PC20 (z = 2.48), respectively, in Chiang et al. (2014). They are potentially more
massive structures, but the uncertainties in mass overdensity are much larger than that of the HPS
z = 2.44 structure with LAE redshifts presented in this paper. The confirmations of these two
structures require spectroscopic follow-ups.
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In the bottom panel of Figure 6.2 we expand the scale to show the HPS-
COSMOS field. The background δgal map is the same as that shown in the top panel.
The nine LAEs in the redshift spike presented in Section 6.3.1 are indicated by
red stars. Dots represent continuum-selected galaxies with a photometric redshift
within 2.45± σz, and those within 2.45± 0.5σz are marked by larger symbols.
6.3.3 Stellar Mass of the Continuum-selected Galaxies
Continuum-selected galaxies (Ks < 23.4) inside the HPS-COSMOS field
with 2.35 < zphot < 2.5 have a median stellar mass of 4.5+8.1−3.5 × 1010 M (among
a sample of 33), which is about double of that of 2.1+5.0−1.3 × 1010 M for galaxies
outside the overdensity with the same Ks-band limit and redshift.
6.3.4 Substructures
Figure 6.3 shows the detailed line of sight velocity vlos distribution of HPS-
COSMOS LAEs centered at z = 2.441 (the mean redshift of the nine LAEs in the
overdensity). The nine LAEs span a full range of ∼ 2500 km s−1 in vlos, with a
dispersion σv, los of 905 km s−1 (using the gapper estimator for small N in Beers
et al., 1990). Based on the large spatial extent of the structure on the projected
sky, this high σv, los is unlikely to be dominated by peculiar velocities of a collapsed
structure. There appear to be two substructures labeled A and B in Figure 6.3
(hereafter groups A and B, though the term “group” here does not refer to galaxies
in a common parent halo). These substructures show a σv, los of 456 and 221 km
s−1 for groups A and B, respectively, with a separation of ∼ 1600 km s−1 in their
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Figure 6.3: The line of sight velocity vlos distribution of HPS-COSMOS LAEs
centered at z = 2.441. Red and hatched elements indicate LAEs with an extended
Lyα halo and X-ray counterpart, respectively.
mean velocities. This separation corresponds to a line of sight comoving distance
of 22.4 Mpc, which is larger than the HPS-COSMOS field size of 14.5 Mpc on the
sky. Indeed, group A and B both have their members scattered across the entire
HPS-COSMOS field on the projected sky.
6.3.5 Other Evidence of the Structure in the Literature
Using spectroscopic redshifts of continuum-selected galaxies in the zCOSMOS-
deep survey, Diener et al. (2013) identified 42 “proto-groups” in COSMOS at 1.8 <
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z < 3.0. These systems were identified using a working definition of associations
of≥ 3 galaxies that pass a linking length criterion,6 and are expected to each assem-
ble into a single halo by z = 0. Strikingly, the richest structure (five galaxies, ID 22
in Diener et al., 2013) found in this large volume is located immediately west of the
HPS structure at the same redshift of 2.44. It also coincides with the spatial extent
of photo-z galaxy overdensity as shown previously in Section 6.3.2 and Figure 6.2.
Diener et al. (2015) spectroscopically confirmed a total of 11 galaxies (diamonds
in the bottom panel of Figure 6.2) and gave a central redshift of 2.45. They sug-
gest that this structure will collapse to form a massive cluster of 1014 − 1015 M
by z = 0. With their spectroscopic campaign in a wider field, this result strongly
suggests that the HPS z = 2.44 structure is indeed large and associated with an
extremely rare density concentration.
Lee et al. (2014b) presented a 3-dimensional cosmic density reconstruction
in a 5′ × 11.8′ field in COSMOS at 2.20 ≤ z ≤ 2.45 using tomography of Lyα
absorption seen in the spectra of bright background galaxies. This field (dotted line
in the bottom panel of Figure 6.2) coincides with the east half of the HPS-COSMOS
field. As shown in the Figure 3 of Lee et al. (2014b), there is a strong and complex
overdensity of Lyα absorbing gas (the densest among the survey volume) at 2.43 .
z . 2.45, coinciding with our HPS LAE overdensity at z = 2.44. Their figure
shows another three spectroscopically-confirmed, broad-band selected LBGs (from
6The algorithm in Diener et al. (2013) is designed to identify groups or group progenitors, thus
capturing overdensities with a scale smaller than that considered in this work for cluster progenitors.
Their galaxy selection based on broad-band colors and limiting magnitudes (Ks < 23.5; B < 25.3)
typically excludes LAEs, which by definition, have a large excess of Lyα with respect to the stellar
continuum.
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Lilly et al., 2007; Le Fèvre et al., 2015) in this structure. This result independently
supports the large-scale structure seen in HPS-COSMOS at z = 2.44.
6.4 Cosmic Evolution of the Structure
We now examine the fate of the HPS-COSMOS large-scale-structure at
z = 2.44 using the mock LAE catalogs constructed in Section 6.2.3. A large num-
ber of realizations of simulated HPS-COSMOS observations are generated. First,
for each simulation box (500 Mpc h−1 comoving) of the four mock LAE catalogs,
we generate three projected pseudo-lightcones from the z = 2.4 snapshot with a
viewing angle along the x, y, and z axes, respectively. Specifically, the apparent
redshift of each LAE is determined by its line of sight position (for the component
of the Hubble expansion) and peculiar velocity. Galaxy properties are non-evolving
to focus on the comparison at z ∼ 2.44. Second, we target each pseudo-lightcone
with a large number of fields of 8.46′×8.46′ that match the area of HPS-COSMOS,
each probing a pencil-beam like volume. Third, regions similar to the observed
z = 2.44 overdensity are identified as mock structures. The main constraints pro-
vided by the observations are the level of LAE overdensity and their distribution
along the line of sight, including the substructures described above. We define a set
of criteria to identify mock structures in simulations: (1) there must be nine LAEs
within a full span of 26.7 to 47.2 Mpc comoving along the line of sight, which cor-
respond to the 2-σ limits of that observed for the HPS-COSMOS overdensity,7 and
7Here the number count of LAEs is considered definite, as the effects of the shot noise on
the proto-cluster characterization will be captured automatically by selecting a large realizations
126
Table 6.2: Properties of Mock Structures of LAEs at z = 2.4
ID log Mz=0a Nmergedb ∆θpcc Dlos, appd Dlos, inte σv, los, appf σv, los, intg σAv, los, app
h σAv, los, int
i
[ M] [arcmin] [Mpc] [Mpc] [km s−1] [km s−1] [km s−1] [km s−1]
Mock I 14.58+0.38−0.53 3.24± 1.99 5.69+5.21−2.77 31.62+4.78−4.83 37.42+5.56−5.98 764+128−147 239+76−94 304+151−134 221+104−92
Mock II 14.49+0.45−0.35 3.23± 1.92 6.38+4.24−3.13 32.43+6.04−5.36 37.69+6.90−5.56 757+144−136 229+93−83 285+166−128 202+115−85
Mock III 14.53+0.41−0.46 3.49± 1.96 5.66+4.68−2.87 32.63+5.57−6.66 37.74+8.21−6.29 773+143−156 231+109−87 280+172−126 204+128−96
Mock IV 14.52+0.39−0.35 3.71± 1.99 5.67+4.13−2.70 32.06+5.77−5.27 37.40+6.69−6.12 748+151−152 230+94−83 278+159−142 210+114−98
Notes.
aMedian Virial mass of the most massive z = 0 descendant dark matter halo (friends-of-
friends group central) of a mock structure.
bNumber of LAEs in each mock structure that will be merged into the same friend of friend
group by z = 0.
cAngular separation between the field center targeting a mock structure and the true center
of the corresponding proto-cluster (defined to be the center of mass of its member dark
matter halos).
dFull size (comoving) of a mock structure of nine LAEs along the line of sight in redshift
space.
eFull size (comoving) of a mock structure of nine LAEs along the line of sight in real space.
fLine of sight velocity dispersion of a mock structure in redshift space.
gLine of sight velocity dispersion of a mock structure in real space (peculiar velocity only).
hLine of sight velocity dispersion of the main substructure (criterion 2 in the text) in redshift
space.
iLine of sight velocity dispersion of the main substructure (criterion 2 in the text) in real
space (peculiar velocity only).
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(2) to match the more compact substructure of group A, six out of the nine LAEs
are required to be in a line of sight interval within 23.6 Mpc comoving, the 1σ up-
per limit of that observed. These criteria select a few thousand mock structures per
mock LAE catalog. A fraction of the structures represent the same underlying struc-
tures seen under different viewing angles and/or covered by different realizations
of the HPS-COSMOS pointing on the sky (i.e., different field centers). Finally, we
examine the relation between these high-redshift mock LAE structures and their
z = 0 descendant halos.
Table 6.2 summarizes the main properties of mock HPS structures at z = 2.4
and their descendants at z = 0. This structure has a large line of sight extent in
redshift-space of Dlos, app ∼ 32 Mpc comoving. Excluding the contribution from
peculiar velocities, the simulations show that its real space full size Dlos, int is ∼ 38
Mpc, larger than its Dlos, app. This is a classic signature of the Kaiser effect (Kaiser,
1987), suggesting that the outermost shell (as in the picture of spherical collapse
scenario) has already decoupled from the cosmic expansion and started to collapse
in comoving space. Most of the LAEs in the structure occupy a distinct dark matter
halo during the observed epoch; these halos have already been influenced by self-
gravity as an ensemble, and will combine to form larger halos in later epochs. The
most massive z = 0 descendant halo of this structure is expected to have a virial
mass of 1014.5±0.4 M (∼ 90% probability with Mz=0 > 1014 M), correspond-
ing to a massive galaxy cluster. Only & 3 LAEs in the structure will be merged
of mock structures. The uncertainty in the full span of the structure is estimated by bootstrapping
the structure centered distances of the nine observed LAEs, with an additional contribution from
instrument error (σv, los = 130 km s−1).
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onto this main halo by z = 0, and are considered to be the true members of the
proto-cluster. It is less certain whether the secondary substructure, group B, can
evolve to a cluster-scale halo at z = 0. Since the whole structure at z = 2.44 has
already broken away from the Hubble flow, we expect a gravitationally bound, but
not entirely virialized, descendant structure at z = 0 (with a size of several physical
Mpc) containing a massive cluster.
Although the structure is most likely to be a genuine proto-cluster with
Mz=0 > 10
14 M, there is a ∼ 10% chance that the most massive z = 0 de-
scendant halo will have a smaller virial mass of 1013.5–1014 M. In this case the
structure would be considered as a massive proto-group (e.g., Diener et al., 2013).
Such a slightly lower mass overdensity is often associated with cosmic web fila-
ments, which have been studied in more details at lower redshifts (Sobral et al.,
2013; Darvish et al., 2014; Hayashi et al., 2014; Sobral et al., 2015).
The inferences of the mass overdensity and z = 0 virial mass would stay the
same if we exclude X-ray detected LAEs and trace the structure using star-forming
LAEs only. In this case the z = 2.44 overdensity consists of eight LAEs instead of
nine, while a lower biased mock galaxy population (Mock I with b = 1.82) would
be considered as fiducial to interpret the observation, resulting in a nearly identical
level of inferred mass overdensity. We caution that our results would be biased
if the Lyα escape fraction were to depend strongly on large-scale environment.
However, a strong environment effect would result in a galaxy two-point correlation
function that significantly departs from the power-law form measured for typical
star-forming galaxies and dark matter halos in simulations on relevant scales. Such
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a departure is not seen for observed LAEs (Gawiser et al., 2007; Kovacˇ et al., 2007;
Ouchi et al., 2008, 2010; Guaita et al., 2010; Bielby et al., 2016).
6.5 Extended Lyα halos and AGNs
In the top panel of Figure 6.1 and in Figure 6.3, we label the extended Lyα
sources in red. As described in Section 6.2.1, these systems are robustly ruled
out to be point sources, with diameters of several tens of physical kpc (see the
the Lyα surface brightness profiles of the most extended sources in Adams et al.
(2011)). Strikingly, an enhancement of extended LAEs in large-scale overdensities
is present. Five out of six extended LAEs in HPS-COSMOS are in large-scale over-
dense regions: four in our HPS-COSMOS structure at z = 2.44 and another one in
a z = 2.10 structure discovered in the ZFOURGE survey (Spitler et al., 2012; Yuan
et al., 2014) with three LAEs detected in HPS-COSMOS (see Section 6.6). The
tendency for extended LAEs to be in overdense regions is highly significant against
random fluctuations with a p-value of 3× 10−4. Within the z = 2.44 structure, four
out of the total nine LAEs are extended. These four extended LAEs are distributed
in both group A and group B (Figure 6.3), making this environment—Lyα blobs
correlation prominent at a scale at least equal or larger than a cluster progenitor, as
we have shown that the z = 0 descendants of the whole z = 2.44 structure will still
be collapsing around a massive virialized cluster. Also, HPS-261 (see Table 6.3),
the extended LAE associated with the ZFOURGE z = 2.10 structure, is∼ 2.5 Mpc
(physical) away from the well-confirmed density peaks of the proto-cluster (Yuan
et al., 2014). Therefore, the properties of circumgalactic-scale Lyα emission appear
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to be directly or indirectly connected to the elevated dark matter and baryon density
on a super-halo scale.
Four LAEs are detected in X-ray (hatched regions in the top panel of Fig-
ure 6.1 and Figure 6.3). Their X-ray luminosity (LX ∼ 1044 − 1045 erg s−1), being
∼ 3 − 20 times larger than their observed Lyα luminosity, implies that AGN pho-
toionization likely dominates the intrinsic Lyα production in these systems. Two
out of the four AGNs are in known large-scale overdensities: one in the z=2.10
structure (see Section 6.6) and one in the z=2.44 structure. This result gives a mod-
erately low p-value of 0.2 against the null hypothesis that AGNs are a random subset
of the bulk LAE population drawn from an uniform probability distribution.
Two out of the total six extended Lyα sources in HPS-COSMOS are asso-
ciated with X-ray detected AGNs. The scenario that extended Lyα halos tend to
host AGNs is significant against random fluctuation, with a p-value of 0.06. Fur-
thermore, these AGN powered Lyα halos are all in overdense regions, implying
possible causations behind the correlation of environment, AGNs, and the size of
Lyα emission.
6.6 Another Structure at at z=2.10
HPS-COSMOS also partially covers another proto-cluster at z = 2.10 (in-
dicated by a short thick tick in Figure 6.1) discovered by galaxy overdensities in a
deep medium-bands photometric survey of ZFOURGE (Spitler et al., 2012). Three
cores of possibly virialized halos of Mvir & 1013 M at the observed epoch are
identified. In Chiang et al. (2014), we recovered this structure on a scale of ∼ 15
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Table 6.3: HPS-COSMOS Lyα Emitter Catalog in the z = 2.10 structure
HPS za α δ Flux L Spectral Spatial mR Count. EWreste FX−ray
Index (Lyα) (J2000) (J2000) (Lyα) (Lyα) FWHMb FWHMc Prob.d (Lyα) 0.5–10 keV
deg deg 10−17 cgs 1042 cgs km s−1 arcsec mag Å 10−17 cgs
244 2.0996 150.09858 2.22000 10.4+5.2−4.2 3.5
+1.8
−1.4 114 3.5
+1.5
−1.3 26.02 0.25 114.1
+89.3
−50.6
261 2.0960 150.11904 2.29678 143.7+23.2−10.1 48.4
+7.8
−3.4 886 8.3
+0.9
−0.6 23.76 0.87 536.7
+157.8
−92.4 2040±125
313 2.0975 150.16992 2.30656 25.1+12.4−10.1 8.5
+4.2
−3.4 249 5.0
+1.8
−1.3 22.75 0.98 23.9
+12.3
−9.7
Notes.
aWith an uncertainty of 4× 10−4 based on a 0.5 Å line center uncertainty.
bAfter deconvolution with a 5 Å FWHM instrumental resolution (σinst ∼ 130 km s−1).
cIncluding a tophat component of the fiber size of 4′′.235 and the effects of dither pattern
and discrete sampling.
dProbability of counterpart association (R-band).
eBased on an interpolation between the two nearest filters for continuum.
Mpc comoving using the same COSMOS/UltraVISTA photometric redshift galaxy
catalog used here, and together revealed other 35 candidate proto-clusters in COS-
MOS field. Recently, Yuan et al. (2014) has performed a large spectroscopic cam-
paign and confirmed more than 50 objects in this structure, estimating a redshift
zero virial mass of Mz=0 = 1014.4±0.3 M. Within the region of the three cores, we
do not detect any LAE in HPS, but we did find three LAEs (summarized in Table
6.3, see also Figure 6.1) associated with this z = 2.10 proto-cluster several arcmins
away from the cores, indicating that the overdensity of this structure indeed has a
large spatial extent, consistent with what was reported in Chiang et al. (2014) and
the theoretical expectation of a forming cluster (Chiang et al., 2013b). In the over-
density/field comparisons of galaxy populations in Section 6.5 and Section 6.7, we
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have considered these three z = 2.1 LAEs located in large-scale overdensity.
6.7 Discussion
Here we focus our discussion on proto-cluster identification quantified in
terms of Mz=0, the comparison between the HPS structure and other known high-
redshift overdensities in the literature, and the dependency of galaxy properties on
large-scale environment.
In Section 6.4, we identified regions that match the HPS z = 2.44 structure
in the four mock LAE catalogs (Chapter 5) of different clustering within the uncer-
tainty of that observed. These four mocks essentially yield the same prediction on
the z = 0 descendant cluster mass of 1014.5±0.4 M. A key reason for this result
is that the abundance of z = 0 clusters, quantified by the z = 0 halo mass func-
tion, posts a strong prior in determining the fate of the observed high-z overdensity
(especially in the massive end). A higher LAE overdensity than that of the HPS
z = 2.44 structure would not increase the inferred Mz=0 substantially; instead, it
might pose challenges to the concordance cosmology (in particular, Ωm and σ8) as
the probability of finding such a density peak will be extremely low. For Mock I to
IV, only 3% to 9% of the HPS-COSMOS realizations (of the same survey volume)
have a region that meets the mock structure criteria. Therefore our discovery of this
dense z = 2.44 structure is perhaps a great coincidence. However, the cluster inter-
pretation is consistent with the “proto-group” study in the zCOSMOS-deep survey
(Diener et al., 2013) that no larger structure is found as traced by their spectro-
scopic sample in the field several times larger than that of the HPS-COSMOS. Our
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Figure 6.4: Line of sight velocity distribution of the LAEs in the HPS z = 2.44 structure compared
with that of proto-clusters in the literature around powerful radio galaxies (RG; Kurk et al., 2000,
2004b; Pentericci et al., 2000; Venemans et al., 2002, 2005, 2007) and the SSA22 field (Steidel et al.,
1998, 2000; Hayashino et al., 2004; Matsuda et al., 2005; Yamada et al., 2012a). The histograms are
normalized to the same scale of surface number density in an arbitrary unit of number per comoving
area (left y-axis). Red histograms represent LAEs above the Lyα luminosity limit of HPS, and
gray histograms show, in the case of radio galaxy proto-clusters, LAEs with deeper Lyα luminosity
limits indicated in the figure legend. Slightly different EWLyα criteria of > 20 Å and > 15 Å were
adopted in the selections of LAEs in HPS and RG fields, respectively; while a stricter criterion of
EWLyα > 40 Å was adopted in the case of SSA22.
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results also imply that an LAE bias of much lower than 2 (thus a higher inferred
mass density) would produce a conflict with the concordance cosmology. Similar
problems would be raised if the clustering of LAEs was not modeled (see Chapter
5) to have a realistically large cosmic variance as constrained by their wide stellar
mass distribution.
In Section 6.3.1, we showed that the HPS z = 2.44 structure has a higher
signal-to-noise ratio in stellar mass overdensity than in galaxy number counts using
the same set of continuum-selected galaxies with photo-z. In Section 6.3.3, we
demonstrated that the stellar mass of galaxies in the overdensity is about twice that
outside the overdensity. These results suggest that the onset of star formation in
this structure occurred at significantly earlier epochs, supporting the picture of the
“cosmic downsizing.” The result agrees quantitatively well with that found in a
proto-cluster in the quasar HS1700+643 field at z = 2.30 (Steidel et al., 2005),
and is consistent with the high formation redshifts inferred from stellar population
synthesis of the low-redshift cluster red sequence (e.g., Rettura et al., 2010). It
remains to be tested, with a future large sample of proto-clusters, whether the stellar
mass excess is generic for high-redshift overdensities.
The cumulative star formation (stellar mass) in a region is a direct conse-
quence of the past accretion and cooling of baryons triggered by the gravitational
field of the total matter enclosed, whereas the density contrast in terms of pure num-
ber counts in a dense region can be reduced by galaxy mergers as structure/galaxy
formation progresses. Therefore it is expected that the stellar mass density field
traces the underlying matter density field more tightly. We suggest that in the case of
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photometric surveys with or without subsequent spectroscopy (where stellar mass
can be better measured than in emission-line galaxy surveys), an analysis of stellar
mass density contrast should ideally replace galaxy number counts as a standard
technique to (1) define galaxy environment and identify possible environmental ef-
fects, (2) recover the underlying matter field, and (3) identify proto-clusters and
predict their Mz=0. For most photometric surveys, the resources required for mea-
suring stellar mass do not exceed that for measuring photometric redshift to a suf-
ficient accuracy. Thus a boost of performance for the aforementioned applications
can be expected, at no extra cost.
The HPS z = 2.44 structure does not have a significantly high level of to-
tal instantaneous SFR estimated by SED fitting of the continuum-selected galaxies.
This result is in line with the general understanding that galaxy star formation is
considerably bursty and could be triggered by sporadic and instantaneous accretion
of cold streams from the cosmic web (Dekel et al., 2009b) or violent disk insta-
bilities (Dekel et al., 2009a; Overzier et al., 2009b). Therefore a measure of the
large-scale SFR density field would be quite noisy compared to that of the stellar
mass.
We compare the HPS z = 2.44 structure studied in this work with other
proto-clusters in the literature. Figure 6.4 shows the line of sight velocity distribu-
tion of LAEs in the HPS z = 2.44 structure (same with Figure 6.3), five previously
known LAE overdensities around powerful radio galaxies (Kurk et al., 2000, 2004b;
Pentericci et al., 2000; Venemans et al., 2002, 2005, 2007), and the structure in the
SSA22 field at z = 3.08 (Steidel et al., 1998, 2000; Hayashino et al., 2004; Matsuda
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et al., 2005; Yamada et al., 2012a). These comparison structures were observed with
deep narrow-band imaging at the wavelength of Lyα of the radio galaxies or, in the
case of SSA22, of a serendipitously discovered overdensity in a redshift survey of
continuum-selected galaxies. A slightly more relaxed EWLyα criterion of > 15 Å
(compared to the > 20 Å used in HPS) was adopted in the LAE selection in the
radio galaxy fields, while a stricter criterion of EWLyα > 40 Å was used in the
case of SSA22. These narrow-band selected LAEs were then investigated by slit
spectroscopy, revealing a redshift-space concentration of a few tens of LAEs for
each (gray histograms). Similar to the HPS structure, the structures around radio
galaxies are expected to each evolve to a galaxy cluster of several times 1014 M
by z = 0 based on the level of LAE overdensity observed; the overdensity of the
continuum-selected LBGs in the SSA22 field suggests a slightly higher z = 0 clus-
ter mass of ∼ 1015 M, (see summaries and discussion in Steidel et al., 1998;
Venemans et al., 2007; Chiang et al., 2013b). The detection limit in terms of the
Lyα luminosity for the HPS z = 2.44 structure is relatively shallow compared to
these comparison proto-cluster fields. Taking this limiting luminosity into account,
the HPS structure shows a LAE excess that is comparable to all the comparison
structures (except for PKS 1138-262, which lacks very bright LAEs). In fact, the
comoving number density of LAEs in the HPS structure is higher than that of all
the radio galaxy structures, and similar to that of the SSA22 structure if observed
down to the same HPS depth (red histograms).8 Thus a large population of faint
8To compare observations with different field of view and at different redshifts, we normalize
the histograms to the same scale of surface number density in an arbitrary unit of inverse comoving
area (left y-axis).
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LAEs might exist for the HPS z = 2.44 structure, requiring deeper observations to
confirm. Similarly, the ZFOURGE z = 2.10 proto-cluster (see Section 6.6) might
also hosts a population of faint LAEs yet to be observed. The HPS z = 2.44 and ra-
dio galaxy structures, all having a similar end point in terms of z = 0 cluster mass,
can provide a rough evolutionary picture of early cluster kinematics across cosmic
time. In general, the line of sight velocity dispersion of proto-clusters increases
from . 300 km s−1 for TN J1338-1942 at z = 4.11 to ∼ 900 km s−1 for the three
structures at z ∼ 2.5 (PKS 1138-262, MRC 0052-241, and MRC 0943-242). How-
ever, this latter velocity dispersion might be too large for the structures to collapse
entirely by z = 0 (see Section 6.4), and perhaps by coincidence, these three over-
densities around radio galaxies all show a bimodal velocity structure. Conversely,
the three higher redshift radio galaxy structures (MRC 0943-242, MRC 0316-257,
and TN J1338-1942) show a more clear central concentration in velocity space. The
perhaps slightly more massive proto-cluster at z = 3.08 in the SSA22 field shows
a double-peak profile of LAE line of sight velocity distribution, with a combined
dispersion of ∼ 1000 km s−1. Such a velocity distribution suggests, again, that
the large structure in the SSA22 field is unlikely to collapse entirely by z = 0. A
massive descendant cluster of∼ 1015 M connected with dense filaments, or a pair
of slightly lower mass clusters are expected at z = 0. In conclusion, this compar-
ison demonstrates that proto-clusters, though they can be characterized with Mz=0
to first order, show a wide variety of topology in the phase-space mass distribu-
tion. A larger sample of proto-clusters with different mass and topology at different
redshifts is needed for detailed investigations.
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In Section 6.5 we demonstrated that there is a boost of extended LAEs and
a marginal excess of AGNs in large-scale overdensities. Under the scenario of
resonant scattering of Lyα in the circumgalactic medium (CGM), the production of
Lyα photons and the phase-space distribution of the CGM around galaxies together
determine the spatial profile of Lyα emission (Laursen & Sommer-Larsen, 2007;
Laursen et al., 2009a,b; Zheng et al., 2011; Dijkstra & Kramer, 2012; Verhamme
et al., 2012). We speculate that the super-halo scale galaxy environment might
be connected to the excess of extended Lyα halos through (1) triggering AGNs
(thus elevating the production of Lyα photons) for luminous LAEs and (2) altering
the CGM profile and/or inflow/outflow structures of all galaxies in general. These
speculations are supported by the correlations of extended LAEs and environment
in our HPS data, and also various reports in the literature.
First, the excess of AGNs in high-redshift large-scale overdensities is found
in other systems (Pentericci et al., 2002; Lehmer et al., 2009; Martini et al., 2013),
possibly triggered by efficient gas accretion and subsequent funneling induced by
frequent galaxy interactions. Second, nearly all the luminous Lyα blobs (LobsLyα ≥
1043.7 erg s−1) show signatures of obscured quasars (Overzier et al., 2013b), and
many of them are located in dense environments. Third, while extremely deep
narrow-band imaging suggests that halos of scattered Lyα are a generic feature
of typical high-redshift star-forming galaxies (Steidel et al., 2011; Momose et al.,
2014), the scale lengths of the Lyα radial profile are small in the field (Feldmeier
et al., 2013) and significantly elevated as super-halo scale galaxy densities increase
(Matsuda et al., 2012). The Matsuda et al. (2012) comparison was done while
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controlling for the UV magnitude, which traces the ionizing photons generated by
young stars. This correlation thus needs to be explained beyond the amount of
intrinsic Lyα production, possibly through a correlation between environment and
the phase-space distribution of CGM.
The density gradient of the CGM of galaxies in dense environments might
be flattened, as the baryons follow the two-halo term clustering of dark matter ha-
los at this scale (Zheng et al., 2011). Furthermore, the CGM dynamics and in-
flow/outflow structures might be affected, manifested in a shorter fallback time
scale of the galactic wind launched by galaxies in dense environments (Oppen-
heimer & Davé, 2008; Davé et al., 2011). This effect is expected to be more
prominent for low-mass galaxies, where the local gravitational potential is not deep
enough to govern entirely the galaxies’ baryonic cycle. It remains to be explored
how efficient this mechanism can be on the scales exceeding a single dark matter
halo, and how CGM dynamics is connected to the resonant scattering and escape
of Lyα. In the 28 deg2 HETDEX-SHELA survey, where a complete coverage will
be achieved by dithering, Lyα blobs extended significantly beyond a fiber (1.5′′ di-
ameter, ∼ 12 physical kpc at z = 2.5, 1/3 of that of HPS) can be identified. The
correlation between diffuse Lyα halos and galaxy environment thus can be quanti-
fied with high quality statistics.
6.8 Conclusion
Galaxy proto-clusters at z & 2 can be found and confirmed efficiently in
large emission-line galaxy surveys. In this chapter, we presented the discovery
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and a detailed characterization of a large-scale structure containing a proto-cluster
at z = 2.44 traced by LAEs in the HETDEX Pilot Survey. The same structure
is also seen in continuum-selected photometric redshift catalogs, and appears as a
significant overdensity in stellar mass density and gas absorption maps. We use
the set of mock LAE catalogs constructed in Chapter 5 to infer the underlying dark
matter structure of this HPS galaxy structure, and predict its evolution across cosmic
time. Here we summarize the results:
1. The HPS, which performed a LAE survey of ∼ 7′ × 10′ in COSMOS at
1.9 < z < 3.8, discovered a prominent density concentration of nine bright LAEs at
z = 2.44. With the photometric redshift galaxy catalog of COSMOS/UltraVISTA,
we demonstrated that this structure is also seen in overdensities of continuum-
selected galaxies in both number counts and volume-specific stellar mass. The
structure extends & 30 Mpc comoving along the line of sight with two subgroups
of LAEs, and a∼ 20 Mpc comoving on the sky revealed by the continuum-selected
galaxies. Using the zCOSMOS survey and additional spectroscopy, Diener et al.
(2013, 2015) identified and confirmed a galaxy overdensity adjacent to the HPS-
COSMOS field at z = 2.45, which appears connected to the HPS structure pre-
sented in this chapter. We find other independent evidence of this structure in the
literature, including an excess of Lyα absorbing gas (Lee et al., 2014b).
2. To compare the HPS structure with simulations of cosmic structure for-
mation, we constructed a set of mock LAE catalogs from the SAM of Guo et al.
(2013) in Chapter 5. The LAEs were modeled based on the Lyα production by
young stars and an empirical treatment of the escape of Lyα in dusty ISM. The
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modeling self-consistently reproduces the observed LAE galaxy bias and stellar
mass distribution. Regions in the mocks as dense as the HPS z = 2.44 structure
are then identified and tracked to z = 0. The HPS structure, although spanning a
few tens of Mpc comoving, should have already broken away from the Hubble flow.
Part of the structure will collapse to form a galaxy cluster with 1014.5±0.4 M by
z = 0.
3. Four of the nine LAEs in the HPS structure are significantly extended
in Lyα emission, and one of them shows an AGN signature in X-ray (is also an
extended Lyα source). We speculate that a super-halo scale dense environment
might facilitate AGN activities and alter the CGM profiles around high-redshift
star-forming galaxies, boosting the spatial extent of Lyα. The median stellar mass
of the continuum-selected galaxies in the HPS structure is about twice that of the
field counterparts. These results demonstrate an accelerated co-evolution of mas-
sive galaxies and their supermassive black holes in overdense environments.
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Chapter 7
Surveying Galaxy Proto-Clusters with HETDEX1
Galaxy proto-clusters at z & 2 provide a direct probe of the rapid mass
assembly and galaxy growth of present day massive clusters. Because of the need
of precise galaxy redshifts for density mapping and the prevalence of star formation
before quenching, nearly all the proto-clusters known to date were confirmed by
spectroscopy of galaxies with strong emission lines. Therefore, large emission-line
galaxy surveys provide an efficient way to identify proto-clusters directly. Here
we use the mock Lyα emitter catalogs constructed in Chapter 5 to evaluate the
baseline performance of a large proto-cluster search in the upcoming Hobby-Eberly
Telescope Dark Energy Experiment (HETDEX). Based on the correlation between
galaxy overdensity and the z = 0 descendant halo mass calibrated in the simulation,
we predict that several hundred 1.9 < z < 3.5 proto-clusters with z = 0 mass of >
1014.5 M will be discovered in the 8.5 Gpc3 of space surveyed by HETDEX. This
sample will open up a rich investigations of both the global statistics of structure
formation and the galaxy evolution processes inside dense structures.
1This chapter has been published as part of Chiang, Y.-K., Overzier, R. A., Gebhardt, K., et al.
2015, ApJ, 808, 37
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7.1 Hobby Eberly Telescope Dark Energy Experiment
The Hobby Eberly Telescope Dark Energy Experiment (HETDEX; Hill
et al., 2008b) is a wide-field integral field unit (IFU) survey. It will use the 10-m
Hobby–Eberly Telescope (HET; Ramsey et al., 1998) with a wide-field upgrade to
reach a 22× 22 arcmin2 field of view, and the Visible Integral-field Replicable Unit
Spectrograph (VIRUS; Hill et al., 2012, 2014) to perform blind spectroscopy in the
field without target pre-selection. In a 3 year baseline starting from late 2016, HET-
DEX will deliver a sample of∼ 0.8 million LAEs with precise redshifts in a volume
of ∼ 8.5 Gpc3 at 1.9 < z < 3.5. The driving science goal is to constrain cosmic
evolution of the dark energy equation of state at 1.9 < z < 3.5 using clustering
signatures imprinted by the Baryon Acoustic Oscillations (BAO; Eisenstein, 2005)
in the early universe. With the LAE redshifts, HETDEX will also allow reconstruc-
tions of cosmic density maps for galaxy environmental studies and generate a large
and homogeneous sample of cluster progenitors. To precisely measure the matter
power spectrum at the peak scale of BAO for dark energy science, the main survey
(300 deg2 Spring field plus 150 deg2 Fall field, hereafter, HETDEX-DEX) will sam-
ple the large area sparsely (Chiang et al., 2013a), with a 1/4.5 spatial filling factor
(the fraction of sky area covered by IFU fibers). This would impact, unfortunately,
the performance of localized studies in real space through increasing shot noise.
However, in a 28 deg2 area within the Fall field overlapping with the Spitzer-
HETDEX Exploratory Large Area (SHELA; PI: Papovich) survey and other an-
cillary photometry (hereafter HETDEX-SHELA); complete coverage (unity filling
factor) will be achieved by multiple dithering. Here we examine the performance
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of proto-cluster identification expected in HETDEX-DEX and HETDEX-SHELA
with a counts in cell algorithm applied to our mock LAE catalogs. This analysis
essentially uses the correlation between high-redshift local LAE overdensity δLAE
and the z = 0 descendant halo mass Mz=0 under the inclusion of observational
effects and realistic noise. Implicitly, the input cosmology, gravitational structure
formation, and galaxy formation model in the simulation together are used as the
prior of the analysis. The difference in the survey filling factor of our two baseline
fields here allows us to demonstrate the effects of a generic noise source in den-
sity mapping—the shot noise that arises from a discrete and finite sampling of the
underlying parent distribution.
7.2 Baseline Performance of the Proto-cluster Search in HET-
DEX
Under the wavelength-dependent line sensitivity of HETDEX and assuming
a Lyα luminosity function of Gronwall et al. (2007) for LAEs with no redshift evo-
lution between 1.9 < z < 3.5, the expected comoving number density of HETDEX
LAEs is nearly flat at∼ 8×10−4 Mpc−3 at 1.9 < z < 2.5, twice that as in HPS, and
decreases to ∼ 3 × 10−4 Mpc−3 at z = 3.5. For HETDEX-DEX (1/4.5 filled) and
HETDEX-SHELA (completely filled), we generate a mock LAE catalog at z = 2.4
based on the LAE modeling described in Chapter 5. These two catalogs have the
same clustering properties as the Mock II (Table 5.1) used for characterizing the
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HPS z = 2.44 structure (Chapter 6).2 They have different ensemble average LAE
number densities, n HETDEX−SHELA : n HPS : n HETDEX−DEX = 1 : 1/2 : 1/4.5. We
implement this feature by tuning for each mock the survival probability described
in Chapter 5 to account for the uncertain stochasticity of Lyα escape, plus, for the
case of the HETDEX-DEX, the incompleteness due to a sub-unity survey filling
factor.
We then perform a counts in cell analysis of LAE overdensity in the mocks
and examine its dependency on the z = 0 descendant halo mass. A redshift-space
cylindrical window of r = 6 Mpc h−1 comoving and llos = 20 Mpc h−1 comov-
ing (including peculiar velocity) is used to calculate local LAE number NLAE and
overdensity δLAE. This window is ideal for the observed density contrast at z & 2
between proto-clusters of Mz=0 ∼ 1014.5 M and field, while a more sophisti-
cated optimization can be performed by varying the window with redshift, target-
ingMz=0, and the filling factor. Thus the performance of proto-cluster identification
presented below should be viewed as a lower limit.
The left panels of Figure 7.1 show, at z = 2.4, the expected probability
distribution of δLAE globally (gray histograms) and that of the regions centered on
proto-clusters with Mz=0 > 1014.5 M (color histograms) in the simulation. The
upper and bottom panels show the expected results for the HETDEX-SHELA and
HETDEX-DEX surveys, respectively. These δLAE distributions represent a same in-
trinsic correlation between large-scale mass budget and their z = 0 collapsed mass
2The slightly deeper Lyα luminosity limit of HETDEX compared with that of HPS is expected
to have only a limited effect on the bias of LAEs (Orsi et al., 2008).
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modulated by different levels of shot noise, which fractionally scales with roughly
the inverse square root of the true population mean number per window (charac-
terized approximately by a Poisson process). In the case of HETDEX-SHELA,
proto-clusters show a significantly higher δLAE compared to the ensemble, where
a threshold in δLAE can be used to separate proto-cluster regions from field. In
the case of the HETDEX-DEX, only proto-clusters with the highest δLAE can be
separated, thus producing a much lower completeness.
Since non-proto-cluster regions occupy the bulk of cosmic volume and can
appear dense due to sampling noise and the intrinsic scatter (usually subdominant),
it needs to be quantified how well the Mz=0 can be recovered given a measured
δLAE. We show this correlation for each HETDEX baseline field in the right pan-
els of Figure 7.1. Mz=0 is the virial mass of the most massive z = 0 descendant
halo (friends-of-friends group central) of the LAEs within a window for measuring
δLAE. The dots and errorbars indicate, respectively, the median and 16/84 percentile
scatter of the Mz=0 at a given δLAE. For HETDEX-SHELA, the Mz=0–δLAE cor-
relation is fairly tight. The scatter in Mz=0 shrinks from ∼ 1.5 dex at δLAE ∼ 0
to . 0.5 dex at δLAE ∼ 10, showing that the most massive proto-clusters, while
being rare, can be identified robustly in HETDEX-SHELA. On the other hand, the
larger shot noise (horizontal scatter in nature) in HETDEX-DEX not only extends
the range of possible δLAE (also shown in the left panels) but also increases the
scatter of this correlation. The median Mz=0-δLAE correlation in HETDEX-DEX
lies everywhere below that in HETDEX-SHELA. This result is due to the upward
scatter from intrinsically less dense regions, which outweighs the downward scatter
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Figure 7.1: Left panels: the probability distribution of LAE overdensity δLAE glob-
ally (gray histograms) and regions centered on proto-clusters with Mz=0 > 1014.5
M (color histograms) in simulations for the 28 deg2 HETDEX-SHELA (top) and
the ∼ 450 deg2 dark energy survey of HETDEX (bottom) where 1/4.5 of the area
will be covered by IFU fibers. The δLAE is measured in a cylindrical window of
r = 6 Mpc h−1 comoving and llos = 20 Mpc h−1 comoving. Right panels: median
and 16/84 percentile scatter of the z = 0 descendant halo mass Mz=0 as a function
of δLAE for each HETDEX baseline fields, evaluated by sampling the whole volume
of the simulations randomly.
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because of the much higher abundance of the former, thus the estimated Mz=0 for a
genuine dense structure is biased low when the noise is finite. If the structure shows
other evidence of overdensity like in the case of the HPS structure at z = 2.44, a
deeper Lyα observational program is likely to increase the best estimated Mz=0,
and asymptotically approach the true value when having a large N .
For Mz=0 > 1014 M proto-clusters and a required purity of 70%, 80%,
90%, the completeness in HETDEX-SHELA is ∼ 50%, 30%, 15%, respectively;
in the case of HETDEX-DEX, the completeness decreases to 5%, 1%, and nearly
0%, respectively, as the lower scatter in the bottom-right panel of Figure 7.1 never
reaches much above 1014 M. These estimates represent the minimum perfor-
mance. An ideal strategy for the case of the wide HETDEX-DEX would be focus-
ing on finding the largest and rarest proto-clusters, where an even larger window can
be beneficial since these structures remain overdense on a large scale. A large win-
dow is also preferred for a statistical reason—the shot noise, which roughly scales
with the volume of the window to the−3/2 power, can be reduced. Unfortunately in
this case the accuracy of the positional centering and the handle of substructure re-
main poor. Additional investigations of these densest structures in HETDEX-DEX
are needed to calculate their exact overdensity, and would supplement a massive
sample to that found in HETDEX-SHELA.
Conservatively, we expect to obtain a sample (>90% confidence) of a few
tens of Mz=0 > 1015 M proto-clusters and a few hundreds of Mz=0 > 1014.5
M in HETDEX-SHELA at 1.9 < z < 3.5; and another hundred Mz=0 ∼ 1015
M proto-clusters in HETDEX-DEX. Together with a rich set of ancillary photom-
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etry, the HETDEX-SHELA field will provide a powerful data set to study the rapid
mass assembly and galaxy growth of present day massive clusters in their formation
epoch.
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Chapter 8
Summary and Outlook
Since the discovery of the first proto-clusters two decades ago (Le Fevre
et al., 1996; Pascarelle et al., 1996; Steidel et al., 1998), a sample of ∼ 20 proto-
clusters has been collected at z > 2 (Table 3.5). With some fascinating results,
these work have raised great curiosity, and introduced a new science avenue. Due
to its high technological demands, most of the observational work in this area has
been done in the form of case studies. Prior to the mid-2010s, the largest high
redshift spectroscopic cosmic density mapping probed a comoving volume of or-
der a thousandth Gpc3 at 2 < z < 2.5 (zCOSMOS-deep; Diener et al., 2013,
Lilly et al., in prep.), which contains, on average, one progenitor structure of Virgo
cluster (Mz=0 & 1014.5 M). Thanks to the advances in technology, upcoming
surveys like the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) and
the Subaru Prime Focus Spectrograph Strategic Program (PFS SSP) will be able
to probe a thousand-fold larger volume (> 1 Gpc3). These will soon open up a
statistical era of proto-cluster study, and trigger numerous follow-up investigations.
Meanwhile, these investigations will benefit from the breakthrough in obtaining
high redshift galaxy diagnostics in a wider spectral range beyond rest-UV, and in
the three-dimensional spatial and velocity space with integral field spectroscopy.
Moreover, sophisticated hydrodynamical simulations will soon be able to achieve
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large volumes containing at least tens to hundreds of clusters, providing a strong
synergy with the observational efforts.
Using a combination of cosmological simulations, semi-analytic galaxy for-
mation modeling, deep-wide imaging surveys and integral field spectroscopy, this
thesis presents a multifaceted study of high redshift galaxy proto-clusters. Par-
ticular focuses are given to providing baseline theoretical predictions, systematic
candidate proto-cluster selections, and galaxy-halo connection machineries to fa-
cilitate the statistical studies of galaxy proto-clusters with the upcoming surveys.
Here I summarize the major results of this thesis:
• In Chapter 2 and 3, I use a sample of about 3000 clusters in the Millennium
cosmological N -body simulations and a suite of galaxy formation models to
make predictions for the structural properties and observational signatures of
galaxy proto-clusters as functions of cosmic time and z = 0 cluster mass.
• In contrast to compact, mature clusters in the nearby Universe, the progenitor
region of a present-day cluster occupies a large cosmic volume with a charac-
teristic radius (encompassing 40% of the total mass) of 3–10 comoving Mpc
at z = 2–5.
• Proto-clusters (with a present-day descendant mass of 1014–1015.5 M) can
already be identified in galaxy surveys at least up to z ∼ 5, provided that the
galaxy overdensities are measured on a sufficiently large scale matching their
characteristic radii and with sufficient number of galaxy tracers.
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• A compilation of about 25 most well-studied proto-clusters in the literature
is provided in Table 3.5. These structures show a great diversity of overden-
sity, mass, topology, and galaxy populations roughly in agreement with our
simulation predictions.
• In Chapter 4, I present the discovery of 36 candidate proto-clusters at z & 2 in
the degree-wide Cosmological Evolution Survey (COSMOS) field using the
large-scale spatial distribution of galaxies with photometric redshifts. With
solely photometric redshifts, two previously known, spectroscopically con-
firmed structures are recovered, suggesting that our algorithm is robust. This
represents the first statistical sample of cluster progenitors in observations,
and provides rich opportunities for follow-up studies.
• In Chapter 5, I develop a semi-analytic model of Lyα emitters and construct
mock catalogs with realistic clustering properties. This provides a power-
ful tool to link observed galaxy distributions to the underlying dark matter
structures and their cosmic time evolution predicted in simulations.
• The Lyα emitter model suggests that there are two distinct regimes for star
forming galaxies to power observable Lyα emission. For massive galaxies,
Lyα emitters are preferentially less dusty and slightly less metal enriched,
while their ages and star formation rates are indistinguishable from other star-
forming galaxies of the same mass. In contrast, low mass Lyα emitters (M? <
109 M) are dominated by young objects with recent or ongoing starburst,
with a gas phase metallicity diluted by cold accretion.
153
• In Chapter 6, I report a newly discovered large-scale structure at z = 2.44
with an extreme overdensity of Lyα emitters observed in the HETDEX Pilot
Survey. This structure shows a boost in the number of extended Lyα nebulae,
and a marginal excess of active galactic nuclei relative to the field. Using the
mock Lyα emitter catalogs developed earlier, I show that part of the structure
will collapse to form a massive galaxy cluster with 1014.5±0.4 M by z = 0.
• Recent work in the literature suggests that the proto-cluster we discovered in
Chapter 6 also shows a significant excess of neutral Hydrogen absorption on
a scale of several comoving Mpc. The synergy between these complementary
techniques will soon open up detailed investigations of the relation between
galaxies and the gaseous intergalactic medium.
• Using the Lyα emitter model constructed earlier, In Chapter 7 I provide a
performance forecast for the large proto-cluster search in the upcoming HET-
DEX survey. Conservatively, several hundred 1.9 < z < 3.5 proto-clusters
with z = 0 mass of > 1014.5 M are expected to be discovered. This sam-
ple will open up a rich investigations of both the global statistics of structure
formation and the galaxy evolution processes inside dense structures.
As demonstrated in this thesis, one of the unique aspects of galaxy proto-
clusters is their role in linking large-scale dark matter dynamics with small scale
astrophysics, where the former has high theoretical predictability and the latter de-
mands thorough experimentations due to its complexity. Looking forward into the
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future, three specific research directions can be highlighted with potential to blos-
som: (1) statistical reconstruction of cluster evolution across cosmic time, (2) the
connection between compact, X-ray and Sunyaev–Zel’dovich (SZ) effect selected
compact clusters with their surrounding large-scale structure at 0.5 < z < 1.5, (3)
detailed multiphase baryonic characterizations of proto-cluster galaxies at z & 2
where galaxy growth progresses violently.
First, figure 8.1 presents a cartoon picture of galaxy cluster formation across
cosmic time with a list of upcoming surveys and their corresponding galaxy targets
that will be efficient tracers for mapping the cosmic density. These surveys include
HETDEX, Subaru HSC (the narrow-band imaging component) and PFS SSP, DESI,
Euclid, and WFIRST, each providing a large sample of proto-clusters traced by cer-
tain types of galaxies with clear spectral features for redshift identifications. Putting
together structures found with different tracers at different redshifts and binning
them into subsamples of different z = 0 descendant cluster masses, it is possible
to reconstruct a global history of cluster formation. This “movie” of matter assem-
bly and the rise and fall of various galaxy populations then can provide constraints
on the physical processes happening across different subregions and throughout the
lifetime of a cluster. For example, if the stellar mass function of cluster and proto-
cluster galaxies can be observed at different redshifts, theoretical models are then
required to explain its evolution via a combination of e.g., smooth growth, mergers,
feedback, the environmental impacts, and other processes. Such a study essentially
links galaxy populations at different cosmic epochs through their connections with
the underlying dark matter structure formation. This reduces the uncertainty in the
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Figure 8.1: (a) Schematic illustrations of galaxy cluster formation driven by grav-
itational instability from an extended, complex proto-cluster at high redshift to a
compact, virialized cluster at z = 0. (b) Cluster and proto-cluster searching scheme
and galaxy tracers in several ongoing/future spectroscopic or narrow-band imaging
surveys. These surveys together cover a 12 Gyr history of the Universe continu-
ously, with two narrow-bands probing LAEs in the first Gyr of the Universe.
galaxy progenitor bias, which has long hampered evolutionary studies in the field.
Without direct observations at high redshift, some important information could be
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lost at late time due to virialization and relaxation on both cluster and galaxy scales.
The Second highlight of future proto-cluster studies will be to bridge the
rich intra-halo scale phenomena in X-ray and SZ effect clusters with their ambient
super-halo scale structure. At z ∼ 1, these compact, X-ray and SZ effect visible
halos represent only the very central components (and a small fraction in mass) of
the entire structure that will be assembled into the cluster at z = 0 (Figure 2.3).
Thus these core halos alone do not provide a complete picture of cluster growth.
Ideas like “group preprocessing” (e.g., Rasmussen et al., 2012) and the increasing
interest in cluster outskirts and the infalling regions have already emerged to sup-
plement the comparison between compact X-ray/SZ clusters at different redshifts.
A generalization of these ideas for evolutionary studies is to consider the entire
Lagrangian volume of a galaxy cluster, which, by definition, is mass-conserved
throughout cosmic time. Because of the presence of the deep gravitational potential
well in a proto-cluster, the large-scale galaxy distribution in its Lagrangian vol-
ume will evolve into smaller scale features in a later epoch. It is thus important to
observationally constrain the progression of the galaxy assembly in line with the
transformation of galaxies in e.g., color, star formation, mass, and morphology as
function of the normalized cluster-centric distance within the Lagrangian volume,
along with the build-up of the hot intra-cluster plasma in the core halos.
The third highlight is given to the epoch of z & 2: if we model galaxy for-
mation with a set of differential equations of baryon continuity in different phases,
e.g., hot halo gas, cold gas in the interstellar space, long-lived stars, and supermas-
sive black holes (see the model illustrated in Figure 8.2; left), many of the change
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X observations surveys/facilities
1 gas absorption
Lya tomography, e.g., 
CLAMATO, VLT/MUSE, HET/
VIRUS
2 sub-mm & radio ALMA, JVLA, LOFAR Plateau de Bure, SKA
3, 4, 7 rest-optical spectroscopy
Keck/MOSFIRE, VLT/KMOS, 
JWST, Euclid, ELTs, WFIRST
3, 4 optical-IR photometry 
COSMOS, HETDEX-SHELA, 
Subaru/HSC, JWST, LSST, 
Euclid, ELTs, WFIRST
3, 6, 7 rest-UV spectroscopy
all current LTs and future 
ELTs
7 redshift survey HETDEX, VLT/MUSE, Subaru/PFS, ELTs, Euclid, WFIRST
galaxy / halo
3. star formation 5. recycling
1. gas accretion 
    from IGM reservoir 6. galactic outflow
7. environment — 
    coupling effects with nearby galaxies
4. long-lived stars
2. internal gas reservoir 
Figure 8.2: Left: Schematic illustration of a model galaxy, where cosmic baryon
follows a cycle of cosmic gas accretion, gas cooling, star formation, ISM recycling
and galactic outflow (figure based on the model in Lilly et al., 2013, and references
therein). Meanwhile, the galaxy is coupled with nearby galaxies and intergalac-
tic environment via galaxy mergers, coherent gas flow, radiation, gravitational, and
mechanical interactions. Proto-clusters at z & 2 maximize many of the change
rates in different terms of the multiphase baryonic cycle, providing a strong scien-
tific motivation for future investigations. Right: List of observational tactics and
surveys that are currently or will be available to probe the major elements of the
cosmic baryon cycle at & 2.
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rates (e.g., star formation) between these terms peak at z & 2 for typical galax-
ies around the characteristic mass M∗ (Hopkins & Beacom, 2006). Meanwhile,
deep in the densest proto-cluster sub-structures some galaxies could have already
become passive (Newman et al., 2014). Therefore the physical drivers of galaxy
growth and death must coexist in proto-clusters. The crowdedness in proto-cluster
regions optimizes a search of the onset of galaxy environmental effects, since all
physical interactions and feedback decay with distance. Based on the model of
Dekel et al. (2009b) and Kereš et al. (2005) illustrated in Figure 8.3, galaxies in
z & 2 proto-clusters (blue box) are thought to grow through three distinct accretion
modes, with the dominant processes possibly varying across cluster-centric distance
and the depth of the gravitational potential locally. The hypothesized coexistence
of all these accretion modes in large but confined complex structures provides a
chance to test this theory with minimized systematics in observations.
Experimentally, the z & 2 Universe makes possible several observational
probes. During this epoch the strongest spectral features in rest-UV, i.e., hydrogen
Lyα emissions and absorptions, are shifted into the optical while the strong hydro-
gen and metal lines in the rest-optical are still within the observable windows in the
near-IR before the atmospheric transmittance plummets. The right panel of Figure
8.2 lists a suite of observational techniques and the physical quantities that can be
probed with each. These techniques together cover a wide range of different phases
of the cosmic baryon cycle. Via measuring the mass and change rate in and between
each phase one could constrain various efficiency parameters in flow models like
the one in Figure 8.2 (left), and test if galaxies deviate from such a simple equilib-
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Figure 8.3: Theoretical prediction of star formation modes in the plane of halo mass
and redshift (figure adapted from Dekel et al., 2009b). For low mass halos (regime
1), the gas cooling time is much shorter than the dynamical time of gas inflow,
resulting in a nearly accretion-limited galaxy growth. For high mass halos at z . 2
(regime 2), the cooling time of the shock-heated medium is longer than the inflow
time scale, hence the hot gas could fill out to the virial radius and suppress star
formation. For high mass halos at z & 2 where the Universe is denser (regime 3),
inflowing cold streams is expected to penetrate the hot halo and feed the galaxies.
A typical halo in the Universe transits directly from the cold mode to hot mode
(dashed line), while galaxies that grow and evolve under all three modes coexist in
z & 2 proto-clusters (blue box) because of an elevated halo mass up to the Mmax
shown with the gray band (Chiang et al., 2013b, Chapter 2 in this thesis).
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rium. Figure 8.2 (right) lists a rich set of ongoing and future surveys that can deliver
the required data for each observing technique listed. The success of these surveys
will bring us beyond proto-cluster finding, entering the realm of multi-probe galaxy
physical characterization and change the landscape of proto-cluster study.
Compared to some established fields, the study of high redshift proto-clusters
marks a new adventure in modern astronomy. Just like our ongoing quests to probe
protoplanetary disks, young stellar nurseries, seed black holes, and first galaxies,
the origin of galaxy clusters contains a rich treasure of knowledge for us to hunt,
and we shall be prepared for the quest.
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